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Abstract
Additive Manufacturing of Carbon Fiber Reinforced Polymer Lattice Structures
by Pritam P ODDAR

This dissertation presents four unique contributions to additive manufacturing of
carbon fiber composite lattice structures. The lattice structures discussed here cannot be
produced using any traditional manufacturing process. Additive manufacturing is the
only viable option, and the research in this field is sparse.
We fill a gap in additive manufacturing and analysis of composite lattice structures.
It adds to the existing knowledge that will prove valuable with carbon composite lattice
structures increasingly used in real-world applications. We analyzed specimens using
compression testing, impact loading, numerical simulations, microscopic imaging, and
CT scans.
We studied two different lattice topologies; open and closed cells. While open-cell
lattices are suitable for lightweight and stiff structures, closed-cell lattices are ideal for
energy absorption. Experimental results closely aligned with calculated data for open
and closed cell lattice structures. A comprehensive review of related literature has been
presented in each chapter to help the reader understand current and future trends. A
detailed discussion of the future work will help anyone who wants to take this research
forward.
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Chapter 1

Engineered Lattice Structures
Until the mid-1950s, engineers thought that porosity in an engineering solid was a defect to be avoided [1]. Now, pores are engineered into materials to produce lattice structures with specific desirable effects. Lattice structures are a “combination of two or
more materials, or of material and space, assembled in a way as to have the attributes
not offered by any material alone” [2].
One of the first recorded uses of engineered lattice structures was by Alexander Graham Bell (1847-1922). On August 31, 1907, he erected a 72-feet tall lattice structure observatory that could support two tons of load. Later, Bell also developed several kites and
flying machines that demonstrated the unique combination of strength and lightness resulting from arranging matter in lattice geometries [3]. Buckminster Fuller’s innovative
work on lattice structures also received widespread recognition when a 76m diameter
dome was erected out of lattice structures at the US pavilion for Expo ’67 in Montreal,
Canada. In 1961, he received a patent for a lattice geometry called the Octet Truss [4].
In structural engineering, a lattice structure refers to an array of trusses, jointed or
rigidly bonded at their connections. Examples of the trussed structures are "tipis" style
settlements of Native Americans [5]. The Vehicle Assembly Building at the NASA John
F. Kennedy Space Center in Florida [6] is a modern example of a mega truss structure. The word ’lattice’ is also used in crystallography to define a hypothetical grid
of connected lines with three-dimensional translational symmetry. The intersections of
these lines are sites for atoms in the crystal structure [7]. Here, we will study lattice or
cellular materials, a network of trusses like in structural engineering, and have threedimensional symmetry as seen in crystallography. However, our lattice structures will
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F IGURE 1.1: Porous structure in bones(Reproduced under Creative Commons License 3.0)

have a scale in millimeters, unlike that of meter and micro/nanometer scales in structural engineering and crystals, respectively.

1.1

Applications

From a mechanical engineering viewpoint, lattice structures offer a crucial advantage
by putting material only where it is needed. For example, tubular structures like cancellous bones can resist buckling because of a honeycomb or foam-like core surrounded
by a dense outer cylindrical shell, as demonstrated in Figure 1.1. Lattice engineering is
a desire to save on expensive functional materials, reduce energy consumption, reduce
build time and achieve a high strength-to-weight ratio. Their rapidly growing importance is in fuel cells [8], heat exchangers [9], orthopedics, and tissue engineering [10].
They are also promising candidates for replacing 2D honeycombs and stochastic metal
foams in sandwich structures [11].
A sandwich structure consists of a lightweight core sandwiched between two faces,
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designed to withstand compressive loads in the direction of alignment of the core material [12]. Corrugated sandwich structures were 40-50% lighter than structures made
using conventional steel construction [13]. Prevalent in the aviation industry, only manufacturing difficulties like welding steel cores to the faces have prevented their use in
shipbuilding.
The Royal Swedish Navy has been using composite fiberglass sandwich structures
to reduce their vessels’ weight above the waterline. Since 1980, composite sandwich
structures have made front cabs of high-speed locomotives in Australia, Italy, France,
and Switzerland. In the U.S., 40% of bridges cannot handle present demands, and there
are not enough tax dollars to replace the bridges in a conventional way. Pre-made composite sandwich deck panels can assemble bridges in days rather than weeks. Moreover,
composite sandwich structures are also resistant to corrosion and are lighter than conventional materials [14]. The "big-ticket items" of sandwich construction, which will
drive the industry of the future, will be ship hulls, bridge structures, and wind energy
systems [15].

1.2

Manufacturing

In the last few decades, many manufacturing techniques have evolved for high strengthto-weight ratio lattice structures, especially metals, as shown in Figure 1.2. Using stamping [16], [17] and water jetting techniques [18], there is significant material waste. Although the extrusion [19] of metal lattice structures is an efficient process, it cannot
produce lattice structures with complex geometries.
AM (Additive Manufacturing) technologies can produce engineered metal lattice
structures for weight-sensitive, multi-functional, and high-performance applications in
the automotive and aerospace industries [20]. One of the primary benefits of using AM
is making lattice structures directly from a digital model without specialized tooling and
with near-zero waste. AM offers unprecedented design flexibility and combines different fabrication, assembly, and joining steps of a conventional technique into one single
step [21]. In Figure 1.3, metal AM was used for fabricating the open-cell lattice structure
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F IGURE 1.2: Conventional lattice structure manufacturing techniques
(Reproduced with permission [16]–[19]).

[22]. Currently, there is great interest in manufacturing lattice structures with tailored
properties [23], and lightweight material selection has become a critical factor in structural optimization. The recent discovery of CFRP (Carbon Fiber Reinforced Polymer)
materials shows great promise in solving these challenges [24].
CFRP developed for Fused Filament Fabrication (FFF) has significantly improved
in reducing warpage and increasing dimensional stability [26]. CFRP fabrication processes like vacuum-assisted resin transfer molding [27], hand lay-up [28], and filament
winding [29] are costly processes and can lack reliability and repeatability. FFF processes allow for sequential material deposition with controlled composition, geometry,
and functionality that is impossible with conventional processes [30], [31].
Both continuous [32]–[34] and discontinuous [26], [35], [36] carbon fibers have been
combined with thermoplastic matrix materials like ABS, PLA, Nylon, PSS, and PPI to
create FFF feedstock materials. Discontinuous fibers have become a practical, low-cost
alternative to continuous fibers due to their easy combination with polymers. Heller
et al. [37] used numerical simulations to demonstrate that short discontinuous fibers
align within 5 degrees of the extrusion axis of the print head in an FFF process. The
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F IGURE 1.3: Additive Manufactured metal lattice structure fabricated using selective laser melting. (Reproduced with permission [22])

aligned fibers result in a high longitudinal modulus, almost twice that of the transverse
modulus. As seen in Figure 1.4, Lewicki et al. [25], micro-extruded 8 vol% carbon fiber
loaded resin ink with a 600-micron straight tip nozzle, and were able to achieve a high
degree of fiber alignment leading to the development of high performance, high aspect
ratio composite material. Mahajan et al. [38] used chopped carbon fibers in an epoxy
matrix and noticed a significant improvement in the ultimate tensile stress and modulus
when fibers aligned along the tensile axis, as compared to fibers aligned perpendicular
to the tensile axis. It is important to note that the mechanical properties of composites
made with AM processes largely depend on the fiber length, distribution, fiber-matrix
adhesion, and fiber orientation in the matrix [39], [40].
CFRP perform better in light-weighting and crushing protection than their metallic counterparts like aluminum and steel in sandwich structures. They have attracted
the attention of OEMs (Original Equipment Manufacturers) in the automotive industry
as potential materials for manufacturing low-density cores like honeycomb and foam
[41]. Engineered lattice structures made from CFR composites are the lightweight material of the next generation because of their impressive structural efficiency and multifunctional advantages [42], [43]. Some composites have already proven to possess good
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F IGURE 1.4: Fiber alignment seen in a printed composite material under
a microscope with 8% carbon fiber volume fraction. (Reproduced with
permission [25])
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crash-worthiness [44] and energy absorption [45].

1.3

Research Questions

Based on this foundation, there are two research questions this dissertation seeks to
answer.
• Can Additive Manufacturing be used to engineer Carbon Fiber Composite lattice
structures for lightweighting structural applications?
• Can we predict their mechanical responses through numerical modelling?

1.4

Summary

• One of the first recorded uses of engineered lattice structures was by Alexander
Graham Bell (1847-1922).
• In 1961, Buckminster Fuller (1895-1981) received a patent for a lattice geometry
called the Octet Truss.
• Here, we will study lattice or cellular materials, which have scales in millimeters,
are a network of trusses like in structural engineering and have three-dimensional
symmetry as seen in crystallography.
• Lattice engineering is a desire to save on expensive functional materials, reduce
energy consumption, reduce build time and achieve a high strength-to-weight ratio.
• A sandwich structure consists of a lightweight core sandwiched between two
faces, designed to withstand compressive loads in the direction of alignment of
the core material.
• Engineered lattice sandwich structures have profoundly impacted the aerospace,
automobiles, wind energy, and shipbuilding industries.
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• Lattice production with conventional manufacturing techniques is challenging
and involves significant material waste. AM techniques significantly reduce material waste and offer a promising alternative to traditional methods.
• Carbon fiber reinforced polymers have demonstrated better performance for lightweighting compared to their metallic counterparts like steel and aluminum. Many
numerical methods exist to evaluate their mechanical properties.
In the following chapters, we will study the geometry, effective mechanical properties, additive manufacturing and numerical modeling of engineered carbon fiber reinforced lattice structures.
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Chapter 2

Lattice Structure Geometry
In Chapter 1, we established that lattice structures are a network of trusses or plates, pinjointed or rigidly bonded at their connections. They are either periodic or stochastic,
based on the orientation of their unit cells. Predictable and repeatable unit cells are
periodic and stochastic unit cells are random and non-repeating, as seen in Figure 2.1.
We will study two kinds of lattice structures: closed and open unit cells. As seen in
Figure 2.2, truss lattices are almost always open-cell, and plate lattices are almost always
closed. Manufacturing and design of closed-cell structures are more complicated [46]–
[48]. A closed unit cell has a wholly enclosed internal space that can trap material. In
the succeeding sections, we will study the geometric elements and structural rigidity of
periodic open and closed unit cells.

2.1

Geometry of Lattice Structures

Geometric elements of a periodic lattice structure are:
• Vertices - Two curves intersecting at a point give rise to zero-dimensional vertices.
• Edges - A curve that connects two vertices but itself does not contain any vertices
other than the ones at the terminal points, is an edge of one-dimensionality.
• Faces - When a surface is enclosed by an edge or a set of edges, a face is formed.
The surface should not contain any edges other than the ones already encircling
the face, which is of two-dimensions.

Chapter 2. Lattice Structure Geometry

F IGURE 2.1: (a) Stochastic open unit cell, e.g. a sponge. (b) Stochastic
closed unit cell, e.g. cork. (c) Periodic open unit cell, a truss lattice. Reproduced with permission[49].

F IGURE 2.2: From left to right, truss and plate lattice unit cell.
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• Cells - A cell can be defined as a part of three-dimensional space that is enclosed
completely by faces and edges meeting at vertices, and the space does not have
any other internal faces or edges.
Three fundamental lattice structure derivations are shown in Figure 2.3. First, a
point, a zero-dimensional entity, moves in an unchanging direction from a starting position. The path it traces is a ’line.’ Second, if the point moves in any other direction than
its first direction, it forms a second-dimensional entity – a plane. Third, a change in the
direction of travel of the point in a third direction that does not lie within the 2D plane
formed by the first two directions results in a ’solid’ – an entity in the third dimension.
This exercise gives rise to three prime structures to the tetrahedron, cube, and sphere
[50], [51].
The tetrahedron is the strongest of the minimal solids described above. Formed
by the least energy expenditure, it satisfies the criteria for the spatial and structural
economy. It has the highest surface area to volume ratio and can resist forces from
all directions. The sphere has a little surface area to volume ratio and is suitable for
restraining internal forces (e.g., a bubble). Between the tetrahedron and sphere lie the
very familiar cube. Only the tetrahedron and cube have faces to sit down. They form a
class of solids known as polyhedrons.

2.1.1

Polyhedrons

"Polyhedron" comes from the Greek roots Poly, which means many, and Hedra, which
means seat. A polyhedron has many seats or faces. Regular polyhedrons have identical faces and an equal number of edges at each vertex, as demonstrated in Figure 2.4.
In 1752, Leonhard Euler developed an algebraic equation to represent regular polyhedrons. Equation 2.1 [52], [53] is known as Euler’s law. Here, V= vertices, E = Edges, and
F = Faces.

V−E+F−2 = 0

(2.1)
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F IGURE 2.3: The most economical ways of assembling geometric elements gives rise to three prime structures of space: tetrahedron, cube,
and sphere

Applying Euler’s law, we quickly stumble into a limited family of regular polyhedrons, as shown in Table 2.1. Based on the number of vertices, edges, and faces in the
unit cell, they are stretch dominated or bend-dominated. To understand this, we need
to study Maxwell’s criterion for determining the rigidity of pin-jointed lattice structures
[54].
TABLE 2.1: Euler’s Law for Regular Polyhedrons

Structure

V

E

F

V-E+F-2

Tetrahedron
Octahedron
Cube
Icosahedron
Dodecahedron

4
6
8
12
20

6
12
12
30
30

4
8
6
20
12

4-6+4–2=0
6 -12 + 8 – 2 = 0
8 – 12 + 6 – 2 = 0
12 – 30 + 20 – 2 = 0
20 – 30 + 12 – 2 = 0
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F IGURE 2.4: Regular Polyhedrons

2.1.2

Maxwell’s Criterion for Rigidity

Rigidity is the property of a structure that it does not bend or flex under an applied
force. A generalization of Maxwell’s criterion for rigidity of 3D lattice structures was
given by Calladine [55] in Equation 2.2. Here s are members in a state of self-stress; m is
the number of extension free mechanisms; b is the number of trusses; j is the number of
joints; and k is the number of kinematic constraints. For a rigid 3D lattice structure k =
6, and s = m = 0 [7]. In 2D lattices, k = 3.

b − 3j + k = s − m

(2.2)
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F IGURE 2.5: The truss frame in A folds up under load, it behaves as mechanism. If the trusses are welded together, they bend and becomes a bending dominated structure. The triangulated frame in B is a stiff structure
as the transverse truss is in tension under loading, behaving as a stretchdominated structure. The structure in C is over-constrained, the trusses
are in self-stress even when no loads are applied.

Rigidity of 2D lattice structures
Maxwell’s equation for rigidity for 2D lattices is given as Equation 2.3:

b − 2j + 3 = M

(2.3)

When M < 0, the truss network will have one or more degrees of freedom in certain
directions, as seen in Figure 2.5(A). In these directions, the structure will have negligible
stiffness or strength. If the trusses are locked or welded together, they will bend when
the frame is loaded, and the truss frame will behave as a bending-dominated structure.
When M = 0, as in Figure 2.5(B), the frame is no longer a mechanism. Under load, the
trusses will be in tension, behaving as a stretch-dominated structure. When M > 0, as seen
as in Figure 2.5(C), the structure is over-constrained, and all members are in self-stress.
Truss frames are stiffer when stretched than when bent. Stretch-dominated lattices have
higher structural efficiency than bend-dominated lattices. The former is suitable for
lightweight applications, while the latter is for energy absorption.
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Only polyhedrons that have triangular faces satisfy
Maxwell’s rigidity criterion.

TABLE 2.2: Regular polyhedrons satisfy Maxwell’s Rigidity Criterion

Structure

j

b

b - 3j + 6

Tetrahedron
Octahedron
Cube
Icosahedron
Dodecahedron

4
6
8
12
20

6
12
12
30
30

0
0
-6
0
-24

It is possible to virtually examine the rigidity of the polygons by imagining them
to be connected at their edges by hinges, as shown in Figure 2.6. When a push/pull
force is applied, only the triangle resists force applied from any direction as it has M =
0. All other polygons with more than three sides are a mechanism that has one or more
degrees of freedom.

Rigidity of 3D lattice structures
The condition for rigidity of pin-jointed 3D lattice structures is given as Maxwell’s Equation 2.4 [54]. Maxwell’s Equation 2.4 gives insight into the design of lattice structures.
Only triangulated regular polyhedrons satisfy Maxwell’s criterion for rigidity, as seen
in Table 2.2.

b − 3j + 6 = M

(2.4)

We will now demonstrate the necessity of triangulation for the rigidity of the 3D
cube. In Figure 2.7, no matter what material the cube is, if the joints are flexible or
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F IGURE 2.7: A cube is only rigid when it is triangulated.

hinged, the cube will collapse on applying force from any direction. A rigid cube has
six trusses inserted diagonally across each face to form a triangle. Upon close inspection, we can see the tetrahedron also has six trusses. Figure 2.7 shows a tetrahedron
inscribed inside a cube with its six edges aligned along the cube’s faces. We can conclude that there is an implied tetrahedron inside all rigid cubes. Cubes constructed out
of cardboard are rigid as any polyhedron made out of stiff polygonal faces, like plate
lattices, is effectively triangulated.

2.2

Summary

• Cellular structures are a network of trusses or plates interconnected at their nodes.
Whenever there is a three-dimensional periodicity to the structure, it is known as
a lattice structure.
• Unit cells of a lattice structure are either closed or open. Truss lattices are usually
open-celled, while plate lattices are closed cells. Closed cells are more complicated
to design and manufacture than truss lattices.
• Though it sounds counter-intuitive, space imposes rigidity conditions on every
structure, defined by the Euler’s law. Structures that satisfy the law are called regular polyhedrons. These polyhedrons have identical faces and an equal number
of faces at each vertex.
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• Maxwell’s criterion for rigidity helps us determine which polyhedrons have a stretch
or bend-dominated behavior.
• It has been determined that the structural efficiencies of stretch-dominated lattices are higher than that of bend-dominated ones. Most stretch-dominated lattice
structures are essentially triangulated.
• Triangulated space-filling shape makes a rigid lattice structure.
• A polyhedron alone cannot make rigid space-filling lattice structures because they
will not satisfy Maxwell’s criterion of M ≥ 0. Rigid space-filling shapes (M ≥ 0)
are combinations of two polyhedrons, e.g., the octahedron and tetrahedron.
In the next chapter, we will study how to predict the effective mechanical responses
of lattice structures.
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Chapter 3

Effective Mechanical Properties of
Engineered Lattice Structures
According to Hooke’s law for a small deformation, the stress in a body is proportional
to the corresponding strain, i.e., stress ∝ strain. The modulus can be classified into three
categories depending on the force applied to a body, as shown in Figure 3.1.

3.0.1

Young’s Modulus (Y)

When an equal and opposite force acts along the length of a wire, its length changes, the
change in length per unit length is called the longitudinal strain. An equal and opposite
restoring force also acts on the wire. This restoring force is called longitudinal stress.
For a wire of length ′ l ′ , radius ′ r ′ , cross-sectional area ′ A′ , being acted on by a force
′ F′ ,

the Young’s modulus of elasticity is given as,

E=

F/A
F×l
=
∆l/l
A × ∆l

(3.1)

If one end of the wire is clamped to a mass M, then F = Mg and A = πr2 .
Substituting in Equation 3.1,

E=

Mgl
(πr2 )∆l

(3.2)
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F IGURE 3.1: Three categories of modulus.

3.0.2

Bulk Modulus (B)

Uniform pressure applied over the surface of a body changes its volume, and the change
in volume per unit volume is the ’volume strain.’ The pressure is ’volume stress.’ For
minor strains, the ratio of the volume stress to the volume strain is called the Bulk
modulus, denoted by B. Thus,

B=

−P
∆V/V

(3.3)

In Equation 3.3, the negative sign in the formula indicates that the volume decreases
with an increase in pressure and vice-versa. The reciprocal of the bulk modulus is called
the ’compressibility’ of the material. Thus, compressibility = 1/B.

3.0.3

Shear Modulus (µ)

When a tangential force acts on the surface of a body and the shape of the body changes,
the volume remains unchanged. In this situation, the body is experiencing shear. The
tangential force acting per unit of the surface is called shearing stress. The ratio of the
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surface displacement and the distance of the shearing surface from the fixed surface is
called the shearing strain.
Shear modulus (µ), also known as the modulus of rigidity, is the ratio of the shearing
stress to the shearing strain (φ).

µ=

F/A
φ

(3.4)

Stress tests conducted for lattice structures are usually uniaxial tensile or compressive tests. Therefore, we are interested in studying Young’s modulus of elasticity. Stressstrain curves are a popular method to determine Young’s modulus of a material.

3.1

Stress-Strain Curve

Stress-strain curves are perhaps the most critical graphical measure of an engineered
structure’s mechanical properties[56]. However, interpreting the curve can be both an
art and science, especially for ductile materials which undergo substantial geometrical
change during loading. This section will provide a foundation required to interpret
these curves and will review several mechanical properties.
Tensile testing is a widely popular method of a material’s mechanical response. One
end of a rod or wire specimen clamped in a loading frame, the other is subjected to a
controlled displacement δ. A transducer connected in series with the specimen provides
a corresponding displacement reading P(δ). Modern machines allow control of load
rather than the displacement, in which the displacement δ( P) is monitored as a function
of the load. The engineering measures of stress (σe ) and strain (ε e ), are measured from
the load and deflection using the original specimen’s cross-sectional area A0 and length
L0 as,
σe =

δ
P
, εe =
A0
L0

(3.5)

It is usually more challenging to find stress-strain curves in compression than in
tension. In tension, we can repeat the test if the specimen breaks. However, in compression, excessive loads can cause damage to the load cell. Even after specimen failure,
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F IGURE 3.2: Engineering Stress-Strain curve for annealed polycrystalline
copper. This is a typical curve for ductile materials. Reproduced under
creative commons license [58].

compression platens can continue to move towards each other. Several materials are
stronger in compression than tension, for e.g., concrete. Compression testing of lattice
structures has shown open volumes allowing material densification.
In Figure 3.2, an engineering stress-strain curve is shown. For the lower portion of
the curve, most materials obey Hooke’s law to the extent that the stress is proportional
to the strain, with Young’s Modulus E being the constant of proportionality. Many
phenomena can be observed and derived from the stress-strain curve discussed below
[57].

σe = Eε e

3.1.1

(3.6)

Proportional Limit

With an increase in strain, most materials deviate from linear proportionality. The point
of departure is known as the proportional limit. This non-linear region of the curve
is associated with "plastic" flow in the specimen. In this state, the molecules in the
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material rearrange to new equilibrium positions. Materials in which this rearrangement
cannot occur are usually brittle rather than ductile. The stress-strain curve for brittle
materials is linear over the range of strain and terminates in fracture with little or no
plastic deformation.

3.1.2

Strain Hardening

Elasticity is the ability of a material to recover entirely upon the removal of an imposed
displacement. The elastic limit is the stress at which the material experiences a permanent residual strain. In Figure 3.2, we can see that increasing the strain beyond the
proportional limit requires ever-increasing stress. This phenomenon is called strain
hardening. The microstructural rearrangement associated with a plastic flow doesn’t
reverse with load removal. Thus the proportional limit is often the same or close to the
material’s elastic limit.

3.1.3

Yield Stress

The yield stress, denoted as σY , is the stress required to induce plastic deformation in
the material. It is difficult to pinpoint the exact stress at which plastic deformation
begins; hence, σY is often considered the stress required to induce a specific amount
of permanent strain. In Figure 3.2, this "offset yield stress" is shown, in which a line
of slope E is drawn from strain axis at ε e = 0.2%. This unloading line would result in
permanent strain.

3.1.4

Ultimate Tensile Strength

One of the most commonly used measures of mechanical strength is the UTS (Ultimate
Tensile Strength). In Figure ??, the stress-strain curve for copper is shown. Copper
has a clear UTS point, after which the strain hardening rate diminishes. Beyond that
point, copper is seen to strain soften, requiring less stress for increasing strain. Nylon
undergoes a necking process at the UTS point, which unlike copper, does not continue
until the fracture. Instead, for nylon, the neck starts drawing into the entire length of
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F IGURE 3.3: (Left) Stress-strain curve for annealed polycrystalline copper.(Right) Stress-strain curves for metals and thermoplastics. Reproduced under creative commons license [58].

the specimen. Since UTS depends on the specimen’s cross-sectional geometry, it is not
an accurate measure of the material property. Therefore, to evaluate ductile materials,
you should use yield stress (/sigmay ); for brittle materials, you should use UTS.

3.1.5

Compression Stress-Strain Curve

The above discussion on stress-strain curves primarily concerns uni-axial tensile loading, where the inter-atomic spacing increases. However, the relations for tensile loading
also apply to compression loading for most materials, as long as the stress is less than
the proportional limit. The deformation δ = PL/AE applies just like in tension, with
negative values of δ and P signifying compression [59]. The modulus E is also the same
in tension and compression, and the stress-strain curve extends as a straight line to the
third quadrant, as demonstrated in Figure 3.4.

3.1.6

Bauschinger Effect

When specimens are cyclically loaded, especially metals, they can demonstrate hysteresis loops if the loads are high enough to induce plastic deformation (stresses above
yield stress). This phenomenon is known as the Bauschinger effect, where after primary
plastic deformation, the yield strength in the opposite loading direction decreases, as
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F IGURE 3.4: Stress-strain curve in tension and compression.(+) is positive
side of the axis and (-) is negative.

shown in Figure 3.5. Sahmel et al. [60] demonstrated that a phenomenon similar to the
Bauschinger effect is also present in thermoplastic polymers.

3.1.7

Mechanical Response for Composite Materials

All of the above properties are for monolithic materials. Composite material’s behavior
is different. The microscopic properties of composite materials depend on their macroscopic components, i.e., the fibers and matrix. By controlling the fibers’ choice, volume
fraction, and alignment, we can create mechanical properties according to specific design requirements.
Rule of mixtures determines Young’s modulus for composites [61]. It is different for
the transverse and axial directions relative to the fiber direction. Figure 3.6(a) shows
a uniaxial composite material with continuous fibers in an isostrain condition. Figure
3.6(b) shows a composite material in an isostress condition, which is impossible with a
fiber composite material. Thus a sandwich structure is used to depict the isostress condition where the matrix and fiber have equal cross-sectional area. Figure 3.6(c) shows
the stress-strain plot for isostress and isostrain conditions. In normal situations, the fiber
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F IGURE 3.5: Bauschinger effect.

F IGURE 3.6: (a) Uniaxial composite in the isostrain condition (b) Sandwich composite in isostress condition (c) Stress-strain plot for both the
conditions
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has a higher Young’s modulus than the matrix. For continuous fibers, the fibers carry
higher stresses σ f than the matrix σm at the same strain [62].
For the isostrain condition shown in Figure 3.6(a), the matrix and fiber move together because they are well bonded. Thus, the strain in the composite will equal the
strain in the matrix and the fiber.

εc = εm = ε f

(3.7)

We can also assume that the load taken up by the composite is a summation of the
loads acting on the matrix and fiber phase.

Fc = Fm + Ff

(3.8)

Stresses on the fiber and matrix depend on their volume fractions. Let us consider
Ac , Am and A f as cross-sectional areas of the composite, matrix and fiber respectively.
When the forces are converted to stresses:

σc Ac = σm Am + σ f A f

(3.9)

Since the cross-sectional areas are challenging to measure, we can convert them into
volume fractions. Assuming the fiber and the composite are of the same length, we
can give the fiber volume fraction as Vf = A f /Ac . Substituting volume fractions in the
stress equation:

σc = σ f Vf + σm (1 − Vf )

(3.10)

Substituting Hooke’s law, σ = Eε

ε c Ec = ε f E f Vf + ε m Em (1 − Vf )

(3.11)

However, ε c = ε m = ε f , so the previous equation reduces to Equation 3.12 for the
isostrain condition.
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(3.12)

For the isostress condition in Figure 3.6(b), the composite materials are in a sandwich
arrangement. The matrix and fiber are no longer continuous. Instead, they are slices
joined together. This condition can be represented as, σc = σ f = σm . Therefore, the total
elongation of the composite will be a sum of the elongation of matrix and fiber slices.

∆Lc = ∆Lm + ∆L f
∆L f
∆Lc
∆Lm
=
+
(dividing all sides by the total length of composite)
Lc
Lc
Lc
∆L f L f
∆Lm Lm
+
⇒ εc =
Lm Lc
L f Lc
Lf A
Lm A
⇒ εc = εm
+ εf
A is the cross-sectional area of the composite.
Lc A
Lc A
Lf A
Lm A
= (1 − Vf ) and
= ( Vf ) .
But,
Lc A
Lc A

⇒

⇒ ε c = ε m ( 1 − Vf ) + ε f f
Substituting strain with stress and modulus
σf
σc
σm
⇒
=
( 1 − Vf ) +
f
Ec
Em
Ef
Since σc = σ f = σm :

⇒

1
1
1
=
( 1 − Vf ) + Vf
Ec
Em
Ef

Rearranging the terms gives us the isostress condition as Equation 3.13.

Ec =

( E f Em )
+ Em Vf
E f ( 1 − Vf )

(3.13)

Thus stress in the transverse direction will always be lower than in the axial direction, as seen in Figure 3.7. In other words, the upper bounds of the Hashin-Shtrikman
(HS) bounds are the isostrain conditions, and lower bounds are isostress conditions, as
shown in Figure 3.8. HS bounds are described in the next section.
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F IGURE 3.7: Elastic modulus for various composite structures. Black represents the stiff phase or fibers. Solid lines are Voigt-Reuss composite
bounds, and dotted lines are the Hashin-Shtrikman bounds. Reproduced
with permission [63].
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F IGURE 3.8: Graphical representation of the upper and lower HashinShtrikman bounds of bulk and shear modulus. Adapted from [64].

Hashin-Shtrikman Bounds
Three things need to be specified to predict the effective Young’s moduli of a composite
material:
• The volume fraction of the constituents.
• Elastic moduli of the constituents.
• Geometry of the constituents in 3D space.
If we are provided only with the volume fraction of the constituent materials, the
best we can do is predict the upper and lower bounds [64] as shown in Figure 3.8. One of
the most frequently used and cited approaches to finding elastic moduli bounds without
specifying anything about the geometry of the material is the HS (Hashin-Shtrikman)
model. Although there is no similar proof for shear modulus, many authors believe HS
bounds are the best available [65].
At any given volume fraction, whether a composite material will be relatively stiff or
soft is determined by the value along the dashed line in Figure 3.8. Within the allowable
range, a higher value will indicate the material is stiff, and a lower value will tell that it is
soft. The Hashin-Shtrikman bounds are applicable for predicting the effective properties
of isotropic linear elastic composites [66].
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F IGURE 3.9: A stress element experiencing triaxial loading is decomposed into hydrostatic and deviatoric stresses.

If K1 , K2 are the bulk moduli of the constituents, µ1 , µ2 are the shear moduli, and f 1 ,
f 2 are the volume fractions, then their effective bulk and shear modulus bounds can be
expressed using Equation 3.14 and 3.15 [64]:

K HS± = K1 +

f2

( K2 − K1 )

µ HS± = µ1 +

3.2

−1

+ f 1 (K1 + 43 µ1 )
f2

( µ2 − µ1 )

−1

+

2 f 1 (K1 +2µ1 )
[5µ1 (K1 + 43 µ1 ]

−1

(3.14)

(3.15)

Stress State

The mechanical properties of a material can be best described by the state of stress the
material experiences. We can explain the stress state at any point in the material using
three principal stresses, σ1 , σ2 , and σ3 . Two kinds of stresses are seen in a given stress
state, hydrostatic and deviatoric stresses.
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Hydrostatic and Deviatoric Stresses

Hydrostatic stresses can be enormous and still not contribute to the failure of the material. The hydrostatic stress state is experienced, for example, a body submerged in
water. Here, the three principal stresses, σ1 , σ2 , and σ3 , are equal, and there are no shear
stresses as shown in Figure 3.9. Hydrostatic stress changes the volume, not the shape,
and is the average of three principal stresses.
Deviatoric stresses distort the shape and are responsible for failure. Figure /reffig:stressstate illustrates how deviatoric stresses occur when /sigma1 is greater than
/sigma2 and /sigma3 . They are calculated by subtracting hydrostatic stress from principal stress.
The hydrostatic and deviatoric components can be expressed in matrix form as shown
in Equation 3.16.



 
 

σ
0
0
σ
0
0
σ
−
σ
0
0
avg
 1
  avg
  1


 
 

0 σ 0 =  0


σavg
0 
0
σ2 − σavg
0
2

 
+


 
 

0 0 σ3
0
0
σavg
0
0
σ3 − σavg

(3.16)

In Equation 3.16, we describe the stress state in terms of principal stresses, however,
it can also be described in terms of any arbitrary orientation of the stress elements as
shown in Equation 3.17.


 
 
σ
−
σ
τ
τ
σ
τ
τ
σ
0
0
avg
xy
zx
xy
zx 
  1

 avg
 1

 
 


τ
 
σ2 − σavg
τyz 
σavg
0 
 +  τxy

 xy σ2 τyz  =  0
 

 

0
0
σavg
τzx
τyz
σ3 − σavg
τzx τyz σ3


(3.17)

Stress transformation equations, as given in Equation 3.18 and 3.19 [67] can be applied to determine normal and shear stresses on a 2D stress element shown in Figure
3.10.
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F IGURE 3.10: Visual representation of stress elements in 2D and 3D.

σ=

σx + σy
σx − σy
+
cos 2θ + τxy sin 2θ
2
2

τ=−

σx − σy
sin 2θ + τxy cos 2θ
2

(3.18)

(3.19)

The inputs to Equation 3.18 and 3.19 are the normal and shear stresses at the starting
orientation of the stress element. θ is the angle through which the stress element is rotated and is positive for counterclockwise rotation. By rotating Figure /reffig:stresselement
180 degrees, and plotting the normal and shear stress graphs, we obtain Figure /reffig:stressplot, we can draw the following observations:
• Once the element is rotated 180°, it comes back to the same stress state.
• The maximum and minimum normal stresses are separated by an angle of 90◦ .
• When the normal stresses are at their maximum or minimum values, the shear
stresses are zero.
The angles where the shear stresses are zero are called the principal stresses. Rotation angles that give us the principal stresses are denoted by the symbol θ. From the
graph in Figure 3.11, we can make the following observations about principal stresses:
• They are the maximum and minimum normal stresses acting on a stress element.
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F IGURE 3.11: Stress plot due to rotation of a 2D stress element.

• They always occur when the shear stresses are zero.
• The maximum principal stress σ1 can be important for predicting failure.

3.2.2

Mohr’s Circle

Mohr’s circle is a graphical representation of normal and shear stresses without using
the stress transformation equations. Figure 3.12 demonstrates a Mohr’s circle for the
triaxial loading condition in Figure 3.9. For a hydrostatic stress configuration, there
are no shear stresses. In that case, the Mohr’s circle reduces to a single point in the
graph, represented by σavg . By convention, principal stresses are ordered from largest
to smallest, σ1 ≥ σ3 ≥ σ3 .
Shifting Mohr’s circle horizontally towards the right represents an increase in the
hydrostatic component. An increase in the radius of Mohr’s circle represents an increase in the deviatoric component, as demonstrated in Figure 3.13. Failure theories are
developed based on these concepts.
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F IGURE 3.12: Mohr’s circle for a triaxial loading condition

F IGURE 3.13: Representation of increase in hydrostatic and deviatoric
stress components on a Mohr’s circle
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F IGURE 3.14: Failure theories categorized based on ductile and brittle
material behavior. Orange boxes represent brittle materials while green
represents ductile materials.

3.3

Failure Theories

When a material is loaded, it will undergo mechanical failure at a particular load. Failure theories are helpful in structural engineering to estimate the initiation of plastic
deformation under various loading conditions. Knowledge of the failure theory is valuable for designing and constructing highly optimized structures.
Most failure theories are defined as a function of the principal stresses and material
strength, as shown in Equation 3.20.

f (σ1 , σ2 , σ3 ) = σy , σu

(3.20)

There is no universal theory that works for a failure case. Instead, we need to choose
the most practical approach from the list shown in Figure 3.14, based on whether the
material exhibits ductile or brittle failure. Here, we will look at one brittle and three
ductile material failure theories.
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Rankine or Maximum Principal Stress Theory

Maximum Principal Stress theory or Rankine theory applies best to brittle materials. If
σy and −σy are the yield points of the material, as shown in Figure 3.13, then an increase
or decrease in the hydrostatic component would cause it to fail. In equation form, it is
represented in terms of maximum (σ1 ) or minimum (σ3 ) principal stresses reaching the
yield or ultimate strength of the material, a shown in Equation 3.21 and 3.22.

σ1 = σy , σu

(3.21)

σ3 = −σy , −σu

(3.22)

Although it is a simple theory, it does not apply particularly well to ductile materials. Any good failure theory must be consistent with experimental observations we can
make about how materials fail. Specifically for ductile materials, a failure theory needs
to capture that hydrostatic stress doesn’t cause yielding. Other common failure theories
used for ductile materials are Tresca and Von Mises.

3.3.2

Tresca and Von Mises Failure Theories

The Tresca and Von Mises theories are two failure theories commonly used for ductile
materials. The Tresca theory states that the maximum yield stress is equal to the shear
stress at yielding in a uniaxial tensile test. It can be represented on Mohr’s circle as
shown in Figure 3.15. We can see that the maximum shear stress, τmax , is equal to the
radius of the largest circle. This theory is consistent with the observation for ductile
materials that hydrostatic stresses don’t affect yield stress. It can be mathematically
represented as Equation 3.23 and 3.24.
σ1 − σ3
= τy
2

(3.23)

τmax = τy

(3.24)
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F IGURE 3.15: Tresca failure theory represented on a Mohr’s circle

Von Mises, or the Maximum Distortion Energy theory is the most common failure
theory used in finite element simulation, discovered by the Austrian scientist Richard
Von Mises. Von Mises states that yielding occurs when the maximum distortion energy
is equal to the yield point in a uniaxial test.
The distortion energy is the portion of the strain energy in a stress element corresponding to the deviatoric stresses, as defined mathematically in Equation 3.25. Again,
this theory considers the difference between the principal stresses and is independent
of the hydrostatic stress. The term on the left side of Equation 3.25 is often called equivalent Von Mises stress. It is a typical output from stress analysis performed using the
finite element methods. Contour plots typically show the distribution of Von Mises
stress within a component, identifying areas at risk of yielding.
r

1
[(σ1 − σ2 )2 + (σ2 − σ3 )2 + (σ3 − σ1 )2 ] = σy
2

(3.25)

When comparing failure theories, it can be helpful to plot their yield surfaces in the
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F IGURE 3.16: Comparison of the yield surfaces for Rankine, Tresca, and
Von Mises failure theory

principal stress space. Let’s consider a case of plane stress, where one of the principal
stresses equals zero. The two non-zero principal stresses, σA and σB , are plotted for the
Rankine, Tresca, and Von Mises failures, shown in Figure 3.16. Tresca and Von Mises
both agree with experimental results of ductile materials, though the former is more
conservative. It can be seen from both Equation 3.25 and Figure 3.16 that the Von Mises
yield surface is an ellipse. It cannot capture orthotropic behavior and Hill’s 1948 yield
criterion [68].

3.3.3

Hill’s 1948 Yield Criterion

To predict materials’ ductile failure, finite element models must include reasonably accurate anisotropic yield models. Few theories capture anisotropic data as Hill’s yield
criterion. This criterion has three assumptions [69].
• The material is orthotropic, where material properties vary along three perpendicular directions.
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• Hydrostatic (uniaxial) stress does not cause yielding.
• There is no Bauschinger effect.
The yield surface for Hill’s criterion are given in 3D and 2D forms in Equation 3.26
and Equation 3.27,

2
2
2
2 f (σij ) = F (σ22 − σ33 )2 + G (σ33 − σ11 )2 + H (σ11 − σ22 )2 + 2Lσ23
+ 2Mσ31
+ 2Nσ12
=1

(3.26)

f 0 (σ1 , σ2 ) = ( G + H )σ12 + ( F + H )σ22 − 2Hσ1 σ2

(3.27)

where F, G, H, L, M, N are material parameters determined by the current state of anisotropy
[70]. If X, Y, Z are the tensile yield stresses in the principal directions of anisotropy, then
σy2
X2

=

2
2
G + H σy
H + F σy
, 2 =
, 2 =1
F+G Y
F+G Z

(3.28)

The choice F + G = 1, where F, G and H are not uniquely determined, gives

F=

Z2 1
1
1
Z2 1
1
1
Z2 1
1
1
( 2 + 2 − 2 ), G =
( 2 + 2 − 2 ), H =
( 2 + 2 − 2)
2 Y
Z
X
2 X
Z
Y
2 X
Y
Z

(3.29)

If R xy , Szx , Txy are the yield stresses in shear with respect to the principal axes of
anisotropy, then
L=

Z2
Z2
Z2
,
M
=
,
N
=
2
2
2R2xy
2Szx
2Txy

(3.30)

If F = G = H, and L = M + N = 3F, then the Hill criterion reduces to the Von Mises
criterion.
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Summary

• Stress-strain curves are perhaps the most critical graphical measure of an engineered structure’s mechanical properties. However, interpreting the curve is both
an art and science, especially for ductile materials which undergo substantial geometrical change during loading.
• Tensile testing is a popular method to determine the stress-strain curve, where
one end of a rod or wire specimen is clamped in a loading frame, and the other is
subject to a controlled displacement.
• It is usually more challenging to find stress-strain curves in compression than in
tension. In compression, excessive loads can cause damage to the load cell.
• The relations for tensile loading also apply to compression loading for most materials as long as the stress is less than the proportional limit.
• Since Ultimate Tensile Strength (UTS) is dependent on the cross-sectional area,
and it is not an accurate measure of the material property beyond the yield point.
Yield stress is best for evaluating ductile materials, while UTS is more appropriate
for brittle materials.
• The Hashin-Shritkman method is well suited to find the bounds for elastic moduli
of a composite material without specifying anything about the geometry of the
mixture.
• We can define the stress state at any point in a material with three principal stresses,
σ1 , σ2 , and σ3 . Principal stresses occur where the shear stresses are zero.
• When a material is loaded, it will undergo mechanical failure at a specific load.
Failure theories are helpful in structural engineering to estimate the initiation of
plastic deformation under various loading conditions. Knowledge of failure theories is valuable for designing and constructing highly optimized structures.
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• There is no universal theory that works for all failure cases. Instead, we must
choose the most applicable approach based on whether the material exhibits ductile or brittle failure.
• Tresca and Von Mises failure theories cannot capture the anisotropic properties of
a material like Hill’s yield criterion can.
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Chapter 4

Axial Lattice Extrusion of Open-Cell
Lattice Structures
Open-cell lattice structures can be designed for high strength-to-weight ratio [43], negative Poisson’s ratio [71], and high heat dissipation rate [72]. In the last few decades,
they have received significant attention in automotive, architecture, aerospace, safety
gear, construction, and prosthetics applications [18][73]. There are many conventional
manufacturing processes, such as stamping [16] and extrusion [19]. However, if the
lattice geometry is complex, there are prohibitive tooling and labor costs. AM technologies, on the other hand, simplify even complex lattice manufacturing into an automated
digital process [21] [22]. We need to consider the material and geometry for the end part
before selecting an AM process.
Regarding materials, the FFF (Fused Filament Fabrication) technique has received
significant attention due to the use of CFRP (Carbon Fiber Reinforced Polymers). These
materials have demonstrated significant improvements in the mechanical performance
of parts, including reduced warpage and increased dimensional stability [26]. All manufacturing processes come with their limitations, and FFF is no exception.
An especially well-known limitation of extrusion-based processes like FFF is the
need for support material when depositing overhanging surfaces. This is especially true
when the bridge length is exceeded for the material and process conditions [74]. Support material is provided for overhanging features during printing to prevent sagging.
During post-processing, the support material is removed mechanically or chemically.
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Extra costs and lead time result from such processing [75]. There is also the possibility
of damage to the overhanging features during support material removal.
Removing support material from within lattice structures can be difficult or even
impossible when the geometry is complex or very fine in scale. From this point of
view, supportless overhanging features are preferred. The process must be designed
optimally; otherwise, any unsupported overhang could lead to geometrical defects and
part inaccuracy [76].
Thus, there is a clear need for additive manufacturing CFRP lattice structures. In
this chapter, we describe a technique termed ALE (Axial Lattice Extrusion), where no
support material is required. ALE is a non-planar FFF technique suitable for open-cell
lattice structures. Fibers in the CFRP matrix material can also align along the lattice
beams’ axial direction, which is impossible with conventional FFF. We can adapt the
ALE process for any filament or pellet-based extrusion system.

4.1

Literature Review

The 3doodler 3D pen first demonstrated non-planar FFF in 2013 and was able to deposit materials in open 3D space [77]. One of the earliest publications in this area using
a desktop 3D printer was by Stephanie Mueller [78]. Her team proposed a design process named WirePrint, where they utilized non-planar printing to deposit an object’s
exterior surface. They deposited the wireframe form directly into 3D space instead of
the traditional layer-by-layer technique used in FFF. While depositing material in 3D
space, they cooled the extruded plastic with air to solidify it rapidly. In 2016, based
on the WirePrint process, Peng et al., published their work called On-the-Fly print [79].
Designers create a CAD design, while a 3D printer simultaneously prints a wireframe
model of the digital file. Their process used an atomized water spray to solidify the material, unlike the air used in the WirePrint process. On-the-fly incremental printing uses
a 5-axis printer (3 linear axes plus two rotational axes). They restrict the user from fabricating collision-free meshes or eliminating parts of the wireframe that are unreachable
without collision.
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In 2016, Wu et al. [80] presented a technique of collision avoidance using a 5-axis
printer. Though meshes still cannot print with their algorithms, their method can print
a wider variety of models that previous techniques could not. Wireframe models became a popular option in non-planar 3D printing, and in 2018, Liu et al. [81] published
their work on using a self-supporting mesh. For a given wireframe, they improved the
self-supporting structure ratio from 47% to 69% when compared to other non-planar
3D printing algorithms. The feasibility of fabricating continuous fiber-reinforced lattice
trusses was demonstrated by Liu et al. in 2017 [82]. They presented a free-hanging 3D
printing process, as seen in Figure 4.1, and improved the compressive strength of the
lattice core by 224% compared to a pure thermoplastic resin counterpart.
In 2018, industrial designers Molloy and Miller [83] at Victoria University of Wellington started using non-planar 3D printing for several utensils and furniture applications,
as shown in Figure 4.2. From the maker community, Lia [84] used non-planar extrusion to make visually appealing sculptures in 2021. Unlike the previous publications,
they could print in 3D space without cooling the extruded material. Hinton et al. performed the non-planar 3D printing of complex biological structures in 2015 [85]. They
suspended a biological hydrogel in a secondary hydrogel that served as temporary biocompatible support, allowing for non-planar toolpaths.
In 2013, Oxman et al. [86] reported using a 6 degree of freedom (6DOF) robotic
arm for non-planar 3D printing. They developed interchangeable nozzle tips that could
extrude thermoplastic strands of variable diameters in 3D space without support. They
named this technique Freeform 3D printing. In the same year, a team of researchers from
the Institute of Advanced Architecture of Catalonia developed an anti-gravity additive
manufacturing technology [87]. Instead of thermoplastics, their thermoset material was
cured in 3D space via a chemical reaction between two components, as seen in Figure
4.3. Another architectural school from California, the Bartlett School of Architecture,
published its work in 2014 about generating non-planar toolpaths using 6DOF robotic
arms. Their work was called “Discrete Computational Methods for Robotic Additive
Manufacturing” [88]. Some of their projects included using multiple extruders to print
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F IGURE 4.1: A continuous fiber reinforced polymer non-planar FFF process. (a) The truss structure manufactured using the free-hanging printing process. (b) Facesheets were bonded to the truss core with epoxy
adhesive. (c) The finished sandwich truss core that was subject to compression testing. Reproduced with permission [82]
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F IGURE 4.2: Arcs bring printed with non-planar toolpaths. Reproduced
from open access article [83].

discrete structures. In 2008, a research group from ETH Zurich published the book
Digital Materiality in Architecture [89]. The book demonstrated the use of 6DOF robotic
arms for 3D printing of open-celled lattice structures with thermoplastic materials.
In 2014, Hack et al. [90] from the same group developed the non-planar Mesh-Mould
process to fabricate load-bearing open-cell structures. The same authors published another work called Iridescence print in 2015 for automated fabrication of large-scale,
lightweight mesh structures and applied for a patent in 2013 [91]. In the same year,
Branch Technology filed a patent for manufacturing open-cell structures with their Cellular fabrication technique [92]. Both groups used 6DOF robotic arms with air-cooling
to solidify thermoplastic material in 3D space.
Yuan et al.’s work, published in 2016, mimics a spider’s web-spinning and weaving
process [93]. With a customized end-effector, their robot had two articulating nozzles
and one stationary nozzle. Huang et al. [94] developed a process called Frame-Fab in
2016 to print a self-supporting wireframe. Ismayuzri Bin Ishak also demonstrated nonplanar 3D printing of open-cell lattice structures in his 2018 Ph.D. dissertation [95].
In 2008, Chakraborty et al. developed a new rapid prototyping/3D printing technique named "Curved Layer Fused Deposition Modeling" [96]. The method investigated the FFF of curved parts by depositing material in non-horizontal layers. It is
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F IGURE 4.3: Anti-gravity additive manufacturing using thermoset resins.
Reproduced from open-access article [87].
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claimed to decrease the stair-stepping effect in conventional FFF, increase strength, and
decrease the number of layers. Since then, several researchers have used this technique
to deposit material in non-horizontal planes, including work on slicing algorithms [97]–
[105]. One of the notable works in this field is a 4DOF rotary 3D printer by Zhao et al.
[102]. It is capable of material deposition in multiple directions. Tam et al. [106] showed
finite element simulations indicating that non-planar printing is better for structural
optimization.
A literature study on non-planar FFF shows that the body of work primarily includes
wireframes and curved surface layers. However, there is a lack of work for non-planar
FFF of lattice structures. There are no publications on algorithm development and toolpath movements. Though Branch Technology is commercializing a similar technology,
they don’t have publications to help better understand these structures. As non-planar
FFF gains momentum, detailed research publications are much needed.

4.2

Axial Lattice Extrusion

Fundamentally, FFF is a thermoplastic extrusion process, in which material, in the form
of pellets or filament feedstock, is pushed through a heated nozzle maintained above the
glass transition temperature of the given material. As shown in Figure 4.4(1), traditional
FFF of triangular lattice structures would require support material, which chemical or
mechanical methods must later remove. ALE is different from conventional FFF because
it can deposit free-hanging trusses and removes additional print and post-processing
time, illustrated in Figure 4.4[2(b)]. Extrudate material coming out of the nozzle is gas
cooled to prevent sagging. As the extrudate temperature drops, its phase changes from
soft to stiff material. Therefore, it can hold its position in 3D space without any support.
This engineered movement forms the basis of the ALE algorithm.
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F IGURE 4.4: Comparison of printing techniques for truss lattices with
traditional layerwise Fused Filament Fabrication and Axial Lattice Extrusion.

4.2.1

Materials and Methods

Here we will look at fundamental toolpath functions required for truss lattice structures.
We will recall these functions again in later algorithms. Both filament and pellet extrusion systems work with the algorithms shown in Figure 4.5. Filament feedstocks are
generally more expensive compared to pellet feedstocks. As discussed in later sections,
more stringiness occurs with filaments. However, filament extrusion systems are light,
inexpensive, and easier to install.
ABS-based CFRP pellets with 20% carbon fiber loading from Sabic™ (LNP THERMOCOMP® AC004) and PLA filament from MatterHackers™ is the feedstock material. A Titan Robotics™ Cronus FFF industrial production system was commissioned,
with separate pellet and filament extrusion gantries, as shown in Figure 4.6. The system allows gas cooling of the extrudate material with M46 (on) and M47 (off) g-code
commands. As discussed in the subsequent sections, ALE can work with commercially
available extrusion systems.
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F IGURE 4.5: Filament and pellet extrusion system schematic.

F IGURE 4.6: Pellet extrusion system used for non-planar additive manufacturing.
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F IGURE 4.7: Collisions model of commercial 3D printer nozzle. Left:
Collision angles are smaller, and print heights are higher when taking
the whole printhead into account. Right: Larger collision angles when
only the nozzle and the heatblock is accounted for, but print heights are
smaller. ©Copyright IEEE 2019 [105].

Gas Cooling
Two factors specifically affect extrudate cooling:
• Velocity- During gas cooling, the extrudate material is pushed in the direction of
gas flow. If the velocity of the gas is too high, the extrudate material tends to shift,
resulting in geometrical defects.
• Timing- Gas flow must be off at certain times, such as when printed trusses contact points/nodes. If the extrudate cools during node formation, it results in poor
bonding to previously deposited material.
Collision Avoidance
In ALE, the extruder shape determines the maximum length and angle of trusses possible without collisions. In Figure 4.7, the angle of the nozzle tip limits the steepness of
trusses that can print. If the truss angle relative to the horizontal substrate is greater than
the nozzle angle, then the nozzle will collide with previously printed material. Figure
4.7 illustrates the collision models considering the whole printhead with the heat block
and nozzle only.
Extruder Travel Speed
The extruder travel speed must synchronize with the filament extrusion rate. While
printing in 3D space, there are two scenarios. First, when the end of a truss needs to
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F IGURE 4.8: Effect of extruder travel speed on Axial Lattice Extrusion.

bond with previously deposited material, in Figure 4.8(a), a dwell (idle) time is required
to promote good polymer bonding. As seen in Figure 4.8(b), when dwell time is not
allowed, the material may de-bond when the extruder lifts in the uphill direction. Figure
4.8(e) illustrates the condition where the extrudate slumps down if the extruder travel
velocity is low and the material is not in tension. Gas cooling of the extrudate is also
necessary for the material to produce a straight bridge, as shown in Figure 4.8(d). A
higher travel speed alone cannot form a bridge between two nodes.

Direction of Lattice Extrusion
We observed that curved trusses result when the extruder ascends and descends due to
pulling on the truss deposited by the descending extruder. This phenomenon is demonstrated in Figure 4.9. The ALE process deposits extrudate material only in ascending
motion for straight trusses.

Detachment of Extrudate Material
The retract operation in Figure 4.10(A) shows a dashed line representing the distance
traveled by the nozzle after the retract command. This travel distance is necessary as
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F IGURE 4.9: Curved trusses produced during the descent of the extruder.

F IGURE 4.10: (A) Detachment failure. (B) Process for clean detachment
of material.

the material in the nozzle continues to ooze out for a certain distance after extrusion has
stopped. Oozing also leads to the formation of strings, as seen in Figure 4.10(A).
The ALE process includes a procedure for clean extrudate detachment, as shown
in Figure 4.10(B). The nozzle and the heat block are colored red and represent the extruder’s hot end. The extruder makes a non-printing move so that the hot nozzle tip
shears the string off during the detachment process.
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F IGURE 4.11: Node bonding function.

F IGURE 4.12: Bridging function.

Node Bonding
The ALE node bonding function is demonstrated in Figure 4.11. Nodes are the locations
in lattice structures where one or more trusses meet. They are usually the weak spots in
truss lattice structures [107]. The proposed function deposits a discrete "dot" of material
at the nodes to improve the node strength.

Bridging
Figure 4.12 illustrates a function to print spanning bridges between two points. The
node bonding function at the start and endpoints of the bridge promoted bonding at
the material. Gas cooling is on during bridging to prevent sagging.

4.2.2

ALE and Layerwise FFF Printing Time Comparison

Unsurprisingly, ALE is considerably faster than traditional FFF because it eliminates
support structures and several non-printing moves like extruder travel and filament retraction. The fabrication time comparison between ALE and layerwise FFF for a sample
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F IGURE 4.13: Left: CAD model of 2 × 2 × 1 lattice specimen. Right:
Specimen produced using ALE using PLA material.
TABLE 4.1: Printing time comparison between ALE and layerwise FFF

Print Technique

Printing moves (hrs:min)

Non-printing moves (hrs:min)

Total

Layerwise FFF
ALE

00:18
00:11

00:26
00:15

00:44
00:26

structure is in Table 4.1. Printing moves are the duration of the toolpath dedicated to
material extrusion. Non-printing moves include time for retraction, extruder travel, and
printing of support material (for layerwise FFF). We can see that ALE reduces printing
time by 7 minutes and non-printing time by 11 minutes relative to conventional FFF
printing, a 41% reduction in build time. The reduction in fabrication time when using
ALE will further increase as larger geometries with more unit cells are produced.
The CAD model of the 2 × 2 × 1 lattice structure used for comparison is presented
in Figure 4.13. A 1.2 mm thick skin has been added with ALE and layerwise FFF algorithms to compare the fabrication time. We used a 1.2 mm nozzle and PLA material in
both cases. Therefore, the blue lattice structure presented in Figure 4.13 produced using
ALE had a truss diameter of 1.2 mm. We used Ultimaker Cura to slice the CAD model
for layerwise FFF. Since Cura provides accurate printing time estimations, we did not
need a specimen fabricated to capture data.
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F IGURE 4.14: Breakdown of an octet truss unit cell into one octahedron
and eight tetrahedrons. Octahedrons are marked in red while tetrahedrons are marked in black.

4.2.3

Axial Lattice Extrusion of Octet Truss Lattices

The functions in Section 4.2.1 create ALE algorithms suitable for printing structures
using an octet truss unit cell, as shown in Figure 4.14. This unit cell consists of one
octahedron surrounded by eight tetrahedrons. The octahedron at the center has four
tetrahedrons attached to the upper and lower halves.

Toolpath Development
We will now illustrate the toolpath, one truss group at a time. Figure 4.15(a) shows the
toolpath for the first truss group in the lower half of the octahedron. A second truss
group is added in Figure 4.15(b), with tetrahedrons now surrounding the lower half of
the octahedron. Horizontal trusses are absent because the first layer of unit cells is on
the skin.
Figure 4.15(c) shows the toolpath for the third truss group, composed of horizontal
trusses of the octahedron. Next, in Figure 4.15(d), the upper half of the octahedron is
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F IGURE 4.15: Synthesis of the octet truss geometry for Axial Lattice Extrusion.

printed, adding the fourth truss group. Truss groups (e) and (f) are next in the toolpath iteration. In truss group (f), horizontal trusses of the tetrahedron are added to the
toolpaths, as the tetrahedrons share them with the next layer of unit cells.
Figure 4.16 depicts the toolpath in action. It demonstrates ALE of one unit cell with
a top and bottom skin. First, a bounding box is printed along the perimeter of the unit
cell, as seen in Figure 4.16(g). Then the bounding box is filled with raster lines. All lines
are deposited without any support material, as seen in Figure 4.16(h).

Algorithm Development
Figure 4.17 illustrates a detailed pseudo-code of the toolpaths. Pseudo-code in column
(a) of Figure 4.17 corresponds to the toolpath of Figure 4.16(a), and so on. The start and
end (x, y, z) coordinate for the trusses, and the size of the nozzle determines the offset
value. We must experimentally determine the feed rate of the material and travel speeds
for each material and nozzle combination. The reader can easily deduce pseudo-codes
for trusses not illustrated.
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F IGURE 4.16: Axial Lattice Extrusion toolpaths for fabricating an octet
truss unit cell with skin at top and bottom.

Figure 4.18 provides a high-level procedural flow chart for ALE printing an octet
truss lattice block. The subroutines that print the top and bottom skin are simple planar
toolpaths. The subroutine is more complex for the octet truss unit cell because of nonplanar toolpaths. Additionally, offsets are required to print the trusses without collision
with previously printed ones.
We wrote a Visual Basic program to execute the ALE inputs shown in Table 4.2. The
program outputs a text file (.txt) containing the G-code commands for printing. The
G-code text files are ready to be executed on any FFF 3D printer using a single nozzle.

Experimental Results
We tested the G-code programs with satisfactory results using both filament and pellet extrusion systems. While most of the parameters depicted in Table 4.2 are selfexplanatory for someone experienced in 3D printing, one parameter needs further explanation. It is called the offset distance, which is specific to the ALE process.
As described in Section 4.2.1, we must program the toolpath for collision avoidance.
An offset distance serves this purpose. As demonstrated in Figure 4.19, there is an offset
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F IGURE 4.17: Pseudo-code of the non-planar toolpath subroutine for an
octet truss unit cell.
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F IGURE 4.18: Flow chart for generating non-planar Axial Lattice Extrusion toolpaths for an octet truss lattice with top and bottom skins.
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TABLE 4.2: Parameters required to generate G-code for Axial Lattice Extrusion demonstrations

Parameter

Units and Value

Nozzle diameter
Unit cells in X, Y and Z directions
Material extrusion per mm of extruder movement
Extruder travel speed
Nozzle temperature
Unit cell width and height
Offset distance
Retract distance
Dwell time

1.2 mm
7×7×7
1.4 mm/min
300 mm/min
280 ◦ C for CFRP ABS and 200 ◦ C for PLA
12 × 12 mm
Top (1.8 mm), Bottom (2.9mm)
5 mm
200 msec

F IGURE 4.19: Offset distance programmed into the toolpath to prevent
collisions. The dashed lines represent the movement of the nozzle without extruding any material.

at the bottoms and tops of the trusses. The bottom offset compensates for collision due
to the diameter of the nozzle. The offset distance at the top of the trusses compensates
for material oozing out of the nozzle. This top offset prevents collision between trusses,
which will connect at a node.
Aside from substantial print time reduction, an equally significant benefit of ALE
is the fiber alignment along the axial direction of trusses. In Figure 4.20(c), we used
ABS pellets with 20% carbon fiber loading to produce the trusses. Fibers 10-15 µm in
diameter and 100-120 µm in length align along the axis of the truss. Such alignment
enhances the strength and stiffness of the structure significantly. Moreover, alignment
along the direction of the truss is not possible with layerwise FFF methods.
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F IGURE 4.20: No stair-stepping effect or layer lines seen in the truss structure fabricated with Axial Lattice Extrusion.

F IGURE 4.21: Stair-stepping effect and layer lines seen along the the truss
in a traditional Fused Filament Fabrication truss structure.

Traditional FFF methods use a laminated dot approach to fabricate trusses, as seen
in Figure 4.21(b). The lamination of dots in different layer lines is visible. These layer
lines contribute to the poor strength of the structure, as they act as points for stress
concentrations. While the ALE process has layer lines at the nodes, they are far less
than when there is layerwise FFF. There is no fiber alignment along the axial direction
of the trusses using layerwise FFF; therefore, the trusses gain no significant stiffness
enhancement as with ALE.
In Figure 4.22, two open-cell truss lattice blocks are shown. We produced the black
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F IGURE 4.22: Two blocks of octet truss lattice structures fabricated using
ABS pellets (left) and PLA filament (right).

block (left) with fiber-reinforced ABS pellets and the orange block (right) with PLA filament. Stringiness occurred while printing with filament material. However, retracting
and detaching material with a filament extruder was also easier.

4.3

Future Work

A future direction for this work is to print truss lattices as a structural infill for parts with
a solid skin, as seen in Figure 4.23(A). Such an infill structure would be difficult to print
with traditional AM processes. Neither chemical nor mechanical means can remove
support material trapped inside because of the solid skin. With a liquid or powder bed
AM technique, one way to remove the support material would be strategically placed
holes on the skin. However, the holes also cause a loss in stiffness for the structure of
about 5% [47] [108]. Hence ALE seems to be a promising alternative for fabricating truss
lattices inside a solid shell.
Figure 4.23(a) shows a part that is sectioned in different sizes with a downwardfacing surface in nTopology™. We can easily remove support structures printed outside
the geometry for such features. However, when we look at the lattice structure in Figure
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F IGURE 4.23: (A) Original part geometry. (B) Solid-body with support
structures beneath downward-facing surfaces. (C) Cross-section view of
trimmed octet truss within the shelled solid volume. (D) Octet truss lattice that has been trimmed to the part surface and thickened.

F IGURE 4.24: Multiple extruders producing truss lattice structures at the
same time and temperature is expected to create a stronger bond at the
nodes. Picture courtesy: PRISAM LLC, [109]
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4.23(C), any support structure inside it cannot be removed because of the solid shell
volume. There are a few trimmed trusses in Figure 4.23(D), so they don’t protrude from
the surface. The algorithm to trim trusses is the future direction of this research.
The current state of technology is only able to fabricate rectangular specimens. Future work also involves adapting ALE to fabricate truss structures as a structural infill
for shells with compound curves. A 3DOF system is insufficient; 5DOF systems or
higher are best. As shown in Figure 4.24, multiple nozzles on a 5DOF printhead can
produce multiple trusses simultaneously. The benefit of this approach is faster production speeds and a more robust structure as multiple trusses bond simultaneously at the
same temperature. The current ALE version produces trusses at different times and
temperatures resulting in poor bonding of the material at all nodes.

4.4

Summary

• In the last few decades, open-cell lattices have received significant attention in automotive, architecture, aerospace, construction, and numerous other applications.
• We can use conventional manufacturing processes for fabricating open-cell lattices. However, they have limited lattice geometry that we can produce, with
prohibitive tooling and manual labor costs.
• The FFF (Fused Filament Fabrication) technique has received significant attention
due to the use of CFRP (Carbon fiber reinforced polymers). These materials have
significantly improved the mechanical performance of parts, including reduced
warpage and increased dimensional stability.
• A particularly well-known limitation for FFF is the need for support material
when depositing overhanging surfaces, especially when exceeding recommended
bridge length for the material and process conditions.
• We describe a non-planar FFF technique termed ALE (Axial Lattice Extrusion),
which does not require support material to fabricate the overhangs of a lattice
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structure. The fibers in matrix material also align along the axial direction of the
trusses, which is impossible with traditional FFF.
• There exists a body of work on non-planar FFF, which primarily includes the fabrication of wireframe meshes and curved surface layers. However, there is a lack
of detailed explanation of the algorithm development and toolpath movements
for engineered lattice structures.
• The non-planar ALE process is different from traditional FFF because it can deposit free-hanging trusses. ALE demonstrates a substantial speed increase over
conventional FFF for the fabrication of truss lattices, with additional time savings
with post-processing taken into account.
• A requirement of the ALE process is controlled cooling of the extrudate material,
and it works with both pellet and filament extrusion systems.
• A giant benefit ALE offers is the alignment of fibers along the axial direction of
trusses when using fiber-reinforced materials. Such fiber orientation is not possible with traditional FFF methods.
• Developing ALE to the point where it can print lattice infills enclosed by the skin
on all sides is the future direction of this work. We cannot do it with other Additive Manufacturing techniques because excess material would be trapped inside.
A system with multiple nozzles is also in progress to produce numerous trusses
simultaneously.
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Chapter 5

Mechanical Response of Structures
Produced via Axial Lattice Extrusion
The octet truss lattice structure has been widely studied and provides a promising alternative for engineering applications where honeycomb or foam infills are used[110]–
[114]. The mechanical responses for foams and honeycomb structures are governed by
bending, whereas for the octet truss, it is stretching [43]. Stretching-dominated behavior
provides the advantage of high stiffness when used for lightweight applications. One
additional advantage the octet truss provides is the possibility to relate its mechanical
response to truss topology and relative density [43], [108], [111], [115]. Buckminster
Fuller [4], [116] patented the geometry with a unit cell of 12 nodes, or vertices, resulting
in a face-centered-cubic configuration.
The octet truss is much more difficult to fabricate using conventional manufacturing
techniques like machining and casting [117]. Conventionally manufacturing the octet
truss is incredibly challenging because it has an array of slender beams oriented in six
directions to form the structure. AM (Additive Manufacturing) has played a transformational role in this regard [118].
Several AM techniques, like fused filament fabrication (FFF) [119], electron beam
melting [120]–[122], stereolithography [123], selective laser sintering [124], and photocuring [125], have been previously employed to fabricate truss-based lattice structures. In addition to enabling the fabrication of most complex lattice structures, AM
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also allows for tailoring of the geometry at specific locations, which was nearly impossible even a few years ago [126]. However, they still require support and cannot use
fiber-reinforced material. Non-planar AM techniques allow for faster production by
eliminating support material and aligning fibers along the axial direction of the trusses.
FFF is a proven technology for non-planar AM of lattice structures, with the capability of handling advanced materials like CFRP (Carbon Fiber Reinforced Polymer) [81],
[127]. CFRP is ideal for producing lattice structures with non-planar AM. Adding fiber
to the polymer reduces its coefficient of thermal expansion and improves the structural
stiffness when fibers align with the axes of the beams. Still, studies on the mechanical
response of polyhedral truss structures fabricated using non-planar AM are few.
The lack of studies is primarily due to challenges with developing non-planar toolpaths. Numerical modeling of lattice structures with orthotropic properties is also complicated. Therefore, there is a need to characterize the mechanical response of nonplanar toolpaths, especially using fiber-reinforced material [19], [128], [129]. We use
ALE (Axial Lattice Extrusion), the non-planar AM process described earlier in Chapter
4, to fabricate carbon fiber reinforced lattice structures. Quasi-static compression loading is applied to the structures to study their mechanical response. Additionally, we use
numerical simulation to predict and characterize the response.

5.1

Literature Review

A compilation of lattice truss structures made using FFF is shown in Table 5.1. We narrowed our search to the literature on the FFF of polyhedral truss lattices, not just wireframes. Figure 5.1 shows FFF lattice structures without non-planar ALE toolpaths. Only
one group employed non-planar toolpaths, shown in Figure 4.1. However, none performed numerical simulation [81] with the CFRP material. Most of the published work
is also on specimens with fewer than 5x5x5 unit cells, which can have edge effects affecting the mechanical responses [130]. Overall, literature on the mechanical performance
of non-planar toolpath-produced truss lattice structures is limited. As non-planar FFF
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F IGURE 5.1: Supportless lattice structures that did not employ nonplanar toolpaths. Stringiness can be see in the material for both research
publications. Reproduced from open access articles. Top image reproduced from: [131], Bottom image reproduced from:[129].

becomes increasingly popular for fabricating lattice structures, more mechanical testing
and numerical simulations are the need of the hour.

5.2

Methods and Materials

Figure 5.2(a) shows the ALE process fabricating an octet truss lattice structure, and Figure 5.2(b) shows the 7x7x7 unit cell used for compression testing. This printed structure
weighs 571 grams. Each repeating unit cell has bounding box dimensions of 12 mm
per side. The CAD model used for numerical simulation had 1.5 mm diameter trusses.
Although we used a 1.2 mm diameter nozzle during fabrication, the die-swelling effect
resulted in trusses having diameters of ≈ 1.5 mm.
Figure 5.2(c) shows octet truss structures in various unit cell sizes and replications.
The chopped carbon fibers align inside the thermoplastic matrix in Figure 5.2(d). This
fiber alignment contributes to a significant increase in the stiffness of each truss. The
material used was LNP Thermocomp from Sabic®, which has an ABS matrix with 20%
carbon fiber loading.
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TABLE 5.1: Table showing literature on FFF production of truss lattice
structures

Paper Title

Mechanical
Testing

Unit Cell

Material

Supportless
printing
of lattice structures by
metal fused filament
fabrication (MF3) of
Ti-6Al-4V: Design and
analysis [127]
Manufacturing
and
characterization
of
3D miniature polymer lattice structures
using fused filament
fabrication [129]
Determination of the
elasticity modulus of
3D-printed octet-truss
structures for use in
porous prosthesis implants [132]
Supportless
lattice
structures for energy
absorption fabricated
by fused deposition
modeling [131]
A novel free-hanging
3D printing method for
continuous carbon fiber
reinforced thermoplastic lattice truss core
structures [82]

No

Simple
cubic unit
cells,
9.5
mm

Metal
polymer (Ti-6Al4V),
55-66%
powderbinder ratio

Compression
tests
ASTM
D1621 with 7
unit cells

Cube
vertex centroid, cubic
diamond,
cubic fluoride etc.
Octet-truss,
4mm cube

PLA, ABS and
PC

No

PLA

No

Cyclic
compression
cycles

BCC Lattice, 8mm

TPU

No

ASTM C365
Out-of-plane
compressive
loading with 3
unit cells

Tetrahedron,
Kagome,
Pyramidal,
Octet truss

PLA with infused continuous carbon
fiber

Yes

ASTM D695
with 1 unit cell

Nonplanar
Toolpath
No
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F IGURE 5.2: - (a) Axial Lattice Extrusion Process (b) A 7x7x7 octet truss
lattice structure (c) Octet truss lattice structures fabricated in different
shapes and unit cell sizes (d) A truss of the lattice structure seen under
the microscope with aligned carbon fibers.

Each truss member in the octet truss shares half of its cross-sectional area with the
member in the adjacent unit cell. Considering the radius of the member is r and the
√
√
length l = 2L, the volume of each truss member is 2πr2 L. L is equal to the length of
the unit cell, and the bounding box volume of the unit cell is V = L3 .
Within a unit cell, one can easily compute the volume occupied by all truss members
and the volume of the entire unit cell cube. The volume of the unit cell cube minus the
summed volume of the trusses equals the volume of open space within the unit cell.
The relative density of the unit cell is the solid bounding box volume divided by the
actual material volume. This gives the relative density of the structure as a function of r
and L in Equation 5.1 [133]:

√
r 2
ρ∗ = 3 2π ( )
L

(5.1)

Putting in the values of L = 12mm and r = 0.75mm in Equation 5.1, the value of
ρ∗ = 0.52 or 52% for this example.
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( A ) Octet truss specimens used for compression
testing

( B ) Failure of the octet truss lattice under compressive load

F IGURE 5.3: Compression testing of Octet Truss specimens in an MTS®
Universal Testing Machine.

5.3

Mechanical Testing

Four octet truss specimens were compression tested in an MTS™ universal testing machine. The quasi-static compression crosshead travel speed was 0.838 mm/s. As presented in Figure 5.3a(A), the specimens were compressed to 50% of the original specimen heights. Observing Figure 5.3b(B), the lattice structure almost universally failed at
the nodes. Trusses are separated from other trusses in the network, starting at the center of the structure. The failure started propagating to different layers from the center at

≈20,000 N. The trusses themselves didn’t fail by buckling or other failure mechanisms.
Figure 5.4 presents the force-displacement curves obtained from quasi-static compression of three specimens. We can observe that all specimens exhibited repeatable
responses, signifying the consistency of the ALE process. All specimens failed around

≈20-22,000 Newtons and displacement of 8-11 mm.
Figure 5.5 presents the average stress-strain curve of three specimens obtained from
the force-displacement curve. The volumetric relative density is 17%. However, 17% is a
3D volumetric relative density rather than the relative cross-sectional area. If we were to
draw a bunch of 1D lines anywhere through the part, the average proportion of solid to
void space would be the cubed root of 17% = 0.554. The 2D “relative cross sectional area
density” would therefore be 0.554 x 0.554 = 0.307. The 3D “relative volumetric density”
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F IGURE 5.4: Results of quasi-static compression testing on three 7x7x7
unit cell octet truss specimens.
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F IGURE 5.5: Relative stress-strain curve obtained of the octet truss lattice.
The curve is the average of mechanical response from three specimens.

would be 0.554 x 0.554 x 0.554. The relative stress was calculated by multiplying the
force with 0.307. Young’s modulus was ≈ 91 MPa, found from the slope of the linear
portion of the curve.
Figure 5.5 shows the failure of the first layer. The stress-strain curve has the appearance of a relatively ductile material. The reality, however, is that this material is
not ductile in the conventional sense of the word. It appears that way because when
failure happens in some nodes, the surrounding nodes take over and begin carrying
the load. It’s an interesting observation that a structure made from a brittle material
behaves somewhat like a ductile bulk material.
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TABLE 5.2: Comparison of the present work with other existing truss
lattice structures.

Reference work
Xu et al. [134]
Schneider et al. [135]
Boursier et al. [136]
Liu et al. [82]
Present work

5.3.1

Matrix material
Carbon-PP
Carbon-PET
Carbon-Nylon
CFRP-PLA
CFRP-ABS

Manufacturing method
Reversible assembly
Fold-cut
Planar FFF
Non-planar FFF
Non-planar FFF

σ(MPa)
0.12
1.90
3
1.24
9.3

E(MPa)
3.70
80
44.8
27.70
91

Comparison with Existing Lattice Structures

Table 5.2 presents the strength and Young’s modulus of truss lattice structures fabricated
by other researchers. These lattice structures are made with different methods and materials. The compressive strength of 9.3 MPa is the highest among the comparisons.
Young’s modulus of 91 MPa of the present work is also higher than the literature for
non-planar FFF truss lattice structures. Therefore, the current manufacturing method
offers opportunities for putting lattice structures in end-use parts.

5.4
5.4.1

Numerical Simulation
CAD Modeling of Octet Truss Unit Cells

We created 3D models of the octet truss lattice structures in ANSYS™ Mechanical® and
SpaceClaim®. Each truss is an independent body with its specific orientation in 3D
space. The tetrahedron is the smallest unit from the octet truss that divides space into
two parts, internal and external. We modeled a tetrahedron in SpaceClaim®, which had
six trusses joined together at nodes, as seen in Figure 5.6(A). This tetrahedron was then
mirrored three times about the x, y, and z axes, as shown in Figure 5.6(D) to form the
unit cell. Nodes and trusses had flat faces to prevent interference during the mirroring
operation.

5.4.2

Meshing

ANSYS™ Mechanical®was used to create the mesh for the basic building block of the
unit cell shown in Figure 5.6(A). The total number of nodes in the primary block was
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F IGURE 5.6: CAD Modeling an octet truss unit cell for numerical simulation.
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TABLE 5.3: Basic mesh settings programmed into ANSYS™Mechanical®

Parameter
Element order
Element size
Transition
Span Angle Center
Initial size seed
Bounding box diagonal
Average surface area
Minimum edge length
Error limits
Target Quality
Smoothing
Use Automatic Inflation
Rigid body behavior

Units and Value
Linear
0.75 mm
Fast
Coarse
Assembly
10.825 mm
0.59879 mm2
0.1829 mm
Aggressive Mechanical
Default(0.05)
Medium
None
Dimensionally Reduced

1006, and the number of elements was 600. The mesh settings are in Table 5.4.
For 3D models, two primary meshing methods in ANSYS™ use hexahedral (hex)
and tetrahedral (tet) elements, respectively. Hex elements result in more accurate results
when the element count is low. Both the elements can be meshed in different shapes, as
shown in Figure 5.7.
Linear hex elements can generally deform in a lower strain energy state, making
them more accurate for analysis in numerous situations compared to linear tet elements
[137]. For our octet truss unit cell, hex mesh elements with eight corners were used,
based on the ANSYS™ Meshing User Guide. We verified mesh quality with parameters
such as element quality, skewness, maximum corner angle, and orthogonal quality.

Element Quality
Element quality provides a metric between 0 and 1, based on the volume’s ratio to an
element’s edge length. A value of 1 indicates a perfect cube, while a value of 0 indicates
zero or negative volume. In Figure 5.8, we can see that the value ranges from 0.329 to
0.748, which implies that there are no perfect cubes in the mesh, and there are also no
zero volume elements. Lower values are at the nodes.
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F IGURE 5.7: Hex and tet elements used for meshing 3D models in
ANSYS™.

F IGURE 5.8: Element quality of mesh.
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F IGURE 5.9: Skewness of mesh.

Skewness
Skewness determines how close to ideal the element shape is and is one of the primary
quality measures for a mesh. The closer the value is to 0, the better is the element
deemed to be. In our mesh, it can be seen the maximum value is 0.67, and the minimum
value is 0.26. Again, the most skewed elements are located at the nodes, as shown in
Figure 5.9.

Maximum Corner Angle
The finite element community reports inaccurate results when the corner angle for elements gets close to 180°. The maximum corner angle in our hex elements was 150°, and
the minimum was 113.42°. Therefore element performance is reasonable according to
the corner angle metric as seen in Figure 5.10.
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F IGURE 5.10: Maximum corner angle of mesh.

Orthogonal Quality
For orthogonal quality, 0 is the worst value, and 1 is the best value. Figure 5.11 shows
that the values closer to 1 are along the trusses, while values closer to 0.6 are along the
nodes. Thus, nearly 100% of elements will provide reasonably accurate results.

5.4.3

Numerical Model for a 7x7x7 Unit Cell

Figure 5.12 shows the ANSYS™ workflow for the numerical simulation. Block E has
the octet truss unit cell, as shown in Figure 5.6(D). The unit cell was then duplicated
into a 7x7x7 lattice structure in the setup block F. This model was then imported into
ANSYS™ Mechanical® in block G to make a CAD model for LS-DYNA™.
Two rigid platens in block I will go on the top and bottom surfaces of the lattice
structure. Combined, the rigid platens and lattice structures look as shown in Figure
5.13. The lattice structure from block G and rigid platens from block I combine in block
H, which runs the LS-Dyna® simulation.
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F IGURE 5.11: Orthogonal quality of mesh.

F IGURE 5.12: Workflow for creating a 7x7x7 unit cell and importing it to
LS-Dyna.
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F IGURE 5.13: Digital twin of a 7x7x7 octet truss compressive test setup.

LS-Dyna® can simulate crash tests and handle orthotropic properties. We set loads
and boundary conditions according to the compression testing conditions of a 7x7x7
unit cell. Fixed faces of the octet truss lattice and the rigid platens together, as no slippage occurred during experiments. LS-Dyna® has the option to write an .k keyword
file, which we can edit in Notepad++ or a similar text editor described in the next section.

5.4.4

Material Property Assignment in Keyword (.k) file

Material Type 122_3D was the selected material model, which can be found in the LSDYNA® Keyword User’s Manual [138]. This model combines orthotropic elastic behavior with Hill’s 1948 anisotropic plasticity failure theory [69]. The reader can find the
reasoning for this choice in Section 3.3.3.
The pellet feedstock material, LNP™ THERMOCOMP™ grade AC004XXAR1, is a
compound based on ABS resin with 20% carbon fiber [139]. Figure 5.14 presents typical
mechanical properties from by the supplier. In Figure 5.15 properties of the material
according to the printing orientation is demonstrated.

Chapter 5. Mechanical Response of Structures Produced via Axial Lattice Extrusion 83

F IGURE 5.14: Typical properties of the ABS material used to produce
octet truss lattice specimens for compression testing.

F IGURE 5.15: XY and YZ orientations during testing of the material.
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TABLE 5.4: Material properties used in LS-Dyna™ Keyword (.k) file for
numerical simulation using material 122_3D.

Parameter and LS-Dyna®Keyword Code
Yield strength in axial direction of truss (mat_sigx)
R mat_P1 (k truss )
R mat_P2 (ntruss )
R mat_P1_2 (k node )
R mat_P2_2 (nnode )
Young’s modulus in axial direction (R mat_Ea)
Young’s modulus in transverse direction (R mat_Eb and Ec)
Shear modulus in axial direction (R mat_Rxy)
Shear modulus in transverse direction (R mat_Szx and Txy)
Material density
Poisson’s ratio axial direction
Poisson’s ratio transverse direction

Value and Units
89 MPa
3543
0.8
716
0.8
11.8 GPa
6 GPa
3 GPa
6 GPa
1.8E-09 Mg/m3
0.4
0.015

Table 5.4 shows the material parameters required by Hill’s Material Type 122_3D in
LS-DYNA®. The parameters are in the same format as in the keyword (.k) file. Yield
strength and Young’s modulus in the axial direction were obtained directly from the
datasheet provided by the supplier.
For the other parameters, we consulted the literature on the orthotropic properties of
carbon fiber composites. We found Young’s modulus decreases by a factor of ≈4 in the
transverse direction for carbon fiber composites [140]. Shear modulus in the transverse
direction was assumed to be twice that in the axial direction, based on data presented
by Duan et al [141].
The slope and the load displacement curve in Material Type 122_3D is determined
by the values of k and n in Swift’s hardening equation given as:
σyield = k (ϵ + 0.01)n

(5.2)

They are defined in the .k file as R mat_P1 and R mat_P2 respectively. For the nodes,
these parameters are defined as R mat_P1_2 and R mat_P2_2. The Hill’s constants
F, G, H, L, M, N, were calculated according to the Equations 3.29 and 3.30.
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F IGURE 5.16: Each body in the digital twin CAD model was assigned an
orientation based on the angle, numbered from 10001 to 10006. All nodes
were assigned 10007 orientation.

5.4.5

Pre-Processing in LS-Prepost®

In the octet truss unit cell, trusses are in six different orientations. A local coordinate
system was established for trusses in each direction, as shown in Figure 5.16. The truss
groups were assigned an orientation ID from 10001 to 10006, and the node was assigned
10007.
Therefore, the trusses have six main orientation groups, with all the nodes making
up a 7th orientation group. We created these groups to observe the role of orthotropic
properties in the numerical simulation. A new keyword (.k) file was created and run on
ANSYS™ Mechanical APDL ®, shown in Figure 5.17. The number of processors used
was 12, the memory size was 61635372 words, and the simulation took 84 hours. In the
future, we simulate only half or quarter of the model by taking advantage of the sample
symmetry. We can then scale the simulation results of the partial model to get data for
the full model. The advantage of using a partial model for simulation is a reduction in
time from 84 hours to 24 hours or less.
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F IGURE 5.17: The keyword (.k) file was processed in Mechanical
APDL®to get results for numerical simulation.
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F IGURE 5.18: Comparison of Force vs. Displacement curve for average
experimental data of three specimens and numerical simulation. While
the experiment shows ductile behavior, numerical simulation predicts
brittle material behavior.

5.5

Results

Figure 5.18 shows a comparison of the average load-displacement curve for the experimental results and the finite element simulation. Numerical simulation slightly underpredicted the yield strength for the octet truss with ≈10% deviation. The linear region
of the curve has a similar slope for both the numerical simulation and experimental
data. However, experiments show ductile-like material behavior, while numerical simulations demonstrate a brittle material behavior.
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F IGURE 5.19: Section view of the octet truss lattice through the center
with compression platens removed.

5.5.1

Discussion

As discussed in Chapter 3, there are three principal stresses, first, second, and third,
arranged from the highest to lowest magnitude. Each of the principal stresses are mutually perpendicular to each other. The first principal stress just before any failure is
shown in Figure 5.19. A bulging effect of the structure is seen in the around the center which was also observed in the experiments. Stress is transferred throughout the
structure uniformly.
Figure 5.20 shows a zoomed in view of the structure right after failure. The behavior seen in the simulation is quite close to the experimental observations. Failure starts
propagating outwards from the center of the structure. However, unlike the experiments, more failure is seen around the edges.
Finally, Figure 5.21 shows a few frames after failure has begun. The units cells are
exploding and flying out of the structure. Same thing was seen in the experimentation.
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F IGURE 5.20: Section view of the octet truss lattice right after failure.

Such similarities demonstrate a tight correlation between the numerical model and the
simulations.

5.6

Summary

• The octet truss lattice structure has been widely studied and provides a promising
alternative for engineering applications where honeycomb structures or foams are
predominant.
• Although the octet truss is superior for engineering applications, it is much more
difficult to fabricate using conventional manufacturing techniques like machining
and casting.
• FFF is a proven technology for non-planar AM of lattice structures, with the capability of handling advanced materials like CFRP (Carbon Fiber Reinforced Polymer).
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F IGURE 5.21: Section view of the octet truss structure when failure is
underway and unit cells are exploding.

• Studies on the mechanical response of polyhedral truss structures fabricated with
non-planar AM are few, primarily due to challenges with developing non-planar
toolpaths. Numerical modeling of lattice structures with orthotropic mechanical
properties is also complicated.
• As non-planar FFF becomes increasingly popular, more mechanical testing and
numerical simulations are the need of the hour.
• We can use the ALE process to fabricate octet truss structures having various unit
cell sizes and unit cell replications.
• One of the significant advantages of using a non-planar FFF technique like ALE is
the fiber alignment along the axial direction of trusses.
• Mechanical testing of ALE-produced octet truss structures demonstrated that they
almost universally failed at the nodes. The trusses separated from other trusses in
the network, and failure started at the centers of the structures.
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• All specimens exhibited repeatable mechanical responses, signifying the consistency of the ALE process.
• We used ANSYS™ suite of applications for numerical simulation of the octet truss.
• ANSYS™ Mechanical® was used to create the CAD model and mesh for the octet
truss unit cell. The total number of nodes in one tetrahedron for a unit cell was
1006, and the number of elements was 600.
• For our octet truss unit cell, we used a hex mesh element with eight corners. We
verified mesh quality using parameters such as element quality, skewness, maximum corner angle, and orthogonal quality.
• LS-Dyna® was the preferred simulation tool because of its ability to simulate
cracking and handle orthotropic properties.
• To simulate the mechanical behavior observed in experiments, Material Type 122_3D
was the selected material model. This model combines orthotropic elastic behavior with Hill’s 1948 anisotropic plasticity failure theory [69].
• In the octet truss unit cell, trusses are in six different orientations. We established
a local coordinate system for each group of trusses facing a specific orientation.
We created these orientation groups to observe the role of orthotropic properties
in the numerical simulation.
• We used 12 processors for the numerical simulation, the memory size was 61635372
words, and the process took 84 hours.
• Numerical simulation slightly under-predicted the yield strength for the octet
truss with ≈10% deviation.
• The linear portion of the curve approximately follows a similar slope for both the
numerical simulation and experiments. However, while the experiments show
a ductile material behavior, numerical simulations demonstrate a brittle material
behavior.
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• This brittle behavior in numerical simulations was due to the 2nd level of trusses
not having contact conditions with the compression platens.
• The model has reasonably good predictive accuracy for applications not expected
to exceed the yield point.
• It is reasonable to assume that with infinite computing power/time, we could
have modeled contact conditions for every layer of trusses. Then we would likely
see a good correlation beyond the collapse of the first layer.
• Consistent observations between experiments and simulation are seen. Trusses
fail at the nodes, stress is distributed through the structure, and the unit cells explode after failure.
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Chapter 6

Additive Manufacturing of Closed
Cell Lattice Structures
Most open-cell truss structures, even the octet truss, have anisotropic properties [142],
[143]. Although stochastic foams have isotropic stiffness due to their random cellular
orientations, their stiffness values are much lower than those of truss structures. Dejean
et al. [108] claim that only closed-cell topologies are capable of reaching stiffness and
strength at the Hashin Shrtikman (HS) upper bounds. As described in Section 3.1.7,
the HS bounds help us determine the upper and lower bounds for elastic moduli of a
composite material. Open-cell lattices are limited to only half the HS upper bounds [66],
[144], [145].
However, the advantages of closed cells come at the cost of increased fabrication
complexity. Such complexity rules out conventional manufacturing, leaving AM as the
only viable option [146]. Therefore, experimental studies on their mechanical response
are limited. Recently, several AM techniques have opened up their research and analysis. This chapter will compare closed and open-cell structures and study the literature
on AM of two closed-cell topologies: shellular and plate lattices. Finally, we report the
mechanical response of closed-cell CFRP (Carbon Fiber Reinforced Polymer) lattices.
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F IGURE 6.1: (a) Stretching and bending dominated lattice structures represented in a stress-strain plot (b) Schematic representation of closed-cell
and open-cell structures. (c) Effective bulk modulus as a function of relative density/volume fraction demonstrates that sheet solids/closed-cells
are superior to network solids/open-cell structures. (d) Contours of VonMises stress and plastic strain for open and closed cell structures. Reproduced with permission [147].

6.1

Comparison of Open and Closed Cell Lattices

Figure 6.1 shows a graphical comparison between open-cell and closed-cell lattice structures. For stretch-dominated structures, as seen in Figure 6.1(a), there is a post-yield
softening behavior that is absent in bend-dominated structures. Figure 6.1(a) presents
a 2D representation of stretch, and bend-dominated unit cells. Any load applied to
the unit cell causes stretching of the struts/trusses in stretch-dominated cells. Benddominated unit cells experience a bending moment when a load is applied. Therefore,
stretching-dominated unit cells are better for high stiffness lightweight applications,
while bend-dominated unit cells are more suited for energy absorption.
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Figure 6.1(b) shows a 3D representation of open and closed-cell structures. Closedcell structures have edges and faces, giving them a higher surface area to transmit load
than open cells. Figure 6.1(c) compares sheet solids or closed-cells and network solids
or open-cells. Closed cells have higher stiffness for a given volume fraction. When comparing Von-Mises stress and equivalent plastic strain, the maximum stress and strain
are concentrated at the nodes, as shown in Figure 6.1(d), for both closed and open cells.
We can identify three reasons for the superior mechanical performance of closed-cell
topologies:
• Closed-cells store strain energy more efficiently among their members than opencells [18].
• The three-dimensional intersection of plates in closed cells prevents the formation
of bending mechanisms, which ensure the structure is always stretch-dominated.
• Closed-cells have a higher volume of material along the loading directions [148].
Although most researchers claim superiority of closed-cell lattices over open-cells in
terms of stiffness and strength, Andersen et al. [149] offer a different perspective. According to their work on stretch-dominated lattice structures, one or the other could be
more preferred depending on the loading scenario. For low-volume fractions, the walls
in plate lattices become thin and unstable. In such cases, truss lattices with thick beams
offer a better solution. Topologically optimized multi-scale graded lattice structures
seem to be the ultimate solution.

6.2

Literature Review of Closed Cell Topologies

In 2016, during a pure stiffness optimization study, Andersen et al. [149] reported that
optimal structures are closed-walled and not open-walled. They found that a closedwall microstructure has 2-3 times higher stiffness at a low volume fraction than an
open-wall microstructure. In 2017, Berger et al. demonstrated that plate lattices have
the potential to achieve theoretical HS upper bounds for isotropic elasticity and strain
energy storage [148].
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Liu et al. confirmed both the above claims in 2019 with numerical simulation [150].
Their results show that the equivalent stiffness of a cubic-plate lattice is twice that of a
cubic truss of the same relative density. In the following sections, we will look at two
closed-wall topologies: shellular and plate.

6.2.1

Shellular Lattice Structures

A popular closed-cell topology is the “shellular” structure, a combination of the "shell”
and "cellular” [150], [151]. Examples include triply periodic minimal surface (TPMS)
shell-based structures [147] are soap films. Figure 6.2 shows TPMS structures that have
attracted much attention recently because of their mathematically controlled topology.
TPMS structures locally minimize the surface area for a given boundary condition such
that the mean curvatures at each point on the surface are zero [152]–[156]. These surfaces
are smooth, have no sharp corners or edges, and can be repeated periodically in three
perpendicular directions.
Bonatti et al. [157] demonstrated that for smooth shell lattice structures, plastic deformation localizes at corners and non-smooth intersections, as seen in Figure 6.1. They
also found that TPMS structures fabricated using the Selective Laser Melting (SLM)
technique almost always had superior compressive properties compared to an octet
truss of equivalent relative density. Other examples of AM fabrication techniques for
TPMS structures include Stereolithography [158]–[160], Two-Photon Lithography [161],
Templating and Coating [162].

6.2.2

Plate Lattice Structures

Plate lattices are a network of plates aligned along the planes of crystalline symmetry,
which include simple cubic (SC), body-centered cubic (BCC), and face-centered cubic
(FCC) arrangements. Hybrid plate lattices are superimpositions of elementary lattice
structures, like SC-BCC, SC-FCC, and SC-BCC-FCC (see Figure 6.3).
Dejean et al. [108] fabricated hybrid plate lattice structures with cubic unit cells having length dimensions of 66 µm from a glassy polymer using 3D direct laser writing.
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F IGURE 6.2: Examples of CAD designs of TPMS showing one unit cell
and 3×3×3 tessellation: a) Schwarz Primitive, b) Schwarz Diamond, c)
Schoen Gyroid, d) Schoen I-WP, e) Schoen F-Rhombic Dodecahedra (FRD), and f) Fischer-Koch S. Reproduced with permission [147].
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F IGURE 6.3: Using FFF to manufacturing hybrid composite plate lattice
structures. The image on the left shows comparison with other metal and
polymer lattices. The image on the right demonstrates the fabrication
technique and the unit cell geometries used by the authors. Reprinted
from open-access article [163].

They combined plates in three groups of planes (simple cubic, body-centered cubic, and
face-centered cubic) that demonstrated isotropic elastic behavior. Their analysis suggests that ≈20% of the mass should ideally come from simple cubic plates for isotropic
elastic behavior. A major roadblock for them was excess material trapped inside the
closed cells formed by the plates, which is common for liquid bath or powder bath AM
processes. To overcome this challenge, Dejean et al. [108] placed circular holes of 5.3 µm
diameter on the plate faces. They claim this resulted in a decrease of < 5% stiffness.
In another instance, Crook et al. [164] manufactured cubic+octet plate lattice structures from pyrolytic carbon using two-photon polymerization direct laser writing. Their
plate lattices showed improvements of up to 522 % and 639% at a given relative density
compared to carbon-fiber octet truss lattices. However, they also had to introduce 100160 nm holes at the centers of the plate faces to remove the excess unpolymerized resin.
Their finite element analysis suggested that the holes did not contribute to a significant
decrease in elastic properties or induce anisotropy.
Similarly, Xue et al. [165] manufactured hybrid plate lattice materials for impact
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energy absorption using SLS (Selective Laser Sintering). Hybrid plate lattices are combinations of SC, BCC and FCC (simple cubic, body-centered cubic, and face-centered
cubic) planes. They extracted trapped nylon powder by placing circular 2 mm holes in
the faces. Quasi-static testing and numerical simulations found that hybrid unit cells
have remarkably improved stiffness, strength, and energy absorption characteristics.
Duan et al. [146] used SLM (Selective Laser Melting) to fabricate novel anisotropic
and isotropic plate lattices with stainless steel powder. They placed drainage holes
along the edges of the plates to release the excess powder. Finally, Andrew et al. [163]
developed multi-walled CFR (Carbon Fiber Composite) thermoplastic filaments using
melt blending. They used FFF to fabricate hybrid plate lattices, which they claim exhibits superior impact absorption characteristics over aluminum or other conventional
lattices.

Conclusions
We can draw the following conclusions from the literature review on closed-cell topologies:
• Hybrid plate lattices are known for isotropic elastic behavior.
• Plate lattices can achieve a higher energy absorption value than truss lattices.
• Powder or resin-based AM of plate lattices causes excess material trapped inside
closed cells.
• Most production engineers recommend making a hole in the structure to remove
excess powder. However, the effect of the hole on the stiffness is still unclear [150].
• Only with the FFF process, it was not necessary to place holes on the structure to
release trapped material.
• FFF cannot make overhanging plates parallel to the horizontal plane [166].
• Nanoengineering of polymer lattices can increase their energy absorption capability to be higher than metal lattices.
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In the literature, studies on CFRP closed-cells are lacking. CFRPs improve tensile
strength for several engineering applications; hence they are of great interest for the
production of stretch-dominated closed-cell lattices [167]. Researchers also suggest the
closed-cell micro-engineering by introducing carbon fibers [168], [169]. Our contribution to this developing research area is the FFF of hybrid CFRP plate lattices. FFF was
the chosen manufacturing technique since this process doesn’t require holes for material
extraction. The hybrid plate lattice topology also potentially has isotropic properties.

6.3

Methods and Materials

6.3.1

Hybrid Unit Cell Topology

We chose a combination of simple cubic and body-centered cubic (SC-BCC) unit cells
for this study. The SC plates make up 28% of the mass and contribute to isotropic elastic
behavior, as demonstrated by Dejean et al. [108]. Figure 6.4 shows a CAD model of
the unit cell studied here. Each unit cell has dimensions of 15 mm× 15 mm×15 mm,
and a plate thickness of 0.8 mm. We chose this configuration to minimize distortion
of the downward-facing surfaces, a known and common problem in FFF. According to
literature, a minimum of 5×5×5 repeating unit cell count avoids edge effects [130]. Each
specimen took over five days to print on a Markforged Mark 2 machine.

6.3.2

Relative Density Calculation

The SC-BCC unit cell CAD model has a total plastic volume of 1660 mm3 . Relative
density is the fraction of volume taken up by the solid material of the lattice [154]. The
volume of a 15 mm bounding solid cube is 3375 mm3 , therefore the relative density of
the unit cell is

1660
3375

× 100 = 49.1%. The mass of the 5×5×5 unit cell specimen is 249

grams, considering the density of the material is 1.2 g/cm3 . The measured mass of the
samples is ≈ 240 grams.
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F IGURE 6.4: CAD design for the SC-BCC unit cell lattice used as the specimen

6.3.3

Hardware and Software

A Markforged Mark Two FFF desktop printer and Onyx™ nylon copolymer with 20%
chopped carbon with a density of 1.2 g/cm3 was the filament feedstock material. CAD
models are in Solidworks, and the Markforged Eiger™ platform [170] performed slicing. The Eiger™ slicing software requires that printed features be at least double the
extrusion width. Constraints of the process are:
• Minimum wall thickness of 0.8 mm.
• Print the minimum number of unit cells needed to avoid edge effects.
• The print time for a 5 ×5×5 specimen is five days.
As can be seen in Figure 6.5(1), printed layers are stacked on top of each other in
the build direction to produce the unit cell. Though there is no excess material inside
the closed cells, there is some distortion in the plates for the downward-facing surfaces.
In Figure 6.5(2) microscopic view, we can see layer lines with chopped carbon fibers.
Distortions in the downward-facing surfaces are also more prominent in this view. On
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F IGURE 6.5: (1) Build direction of the unit cell (2) Microscopic view of
a unit cell showing distortion of downward-facing surfaces (3) A 5x5x5
array of unit cells used for compression testing.

these 5×5×5 unit cell specimens, loads are applied parallel and perpendicular to the
build direction, as shown in Figure 6.5(3).

6.4
6.4.1

Mechanical Response
Quasi-Static Compression Response

Compression testing of specimens was performed on an MTS universal testing machine
using a 643 compression platen. A 0.8382 mm/s crosshead speed, at a final displacement of 25.4 mm (34% bulk strain) was applied on the specimens as shown in Figure
6.6. The bottom platen is stationary, while the top platen applies compressive force.
Figures 6.7 and 6.8 demonstrate the compressive response of the 5x5x5 plate lattices
in parallel and perpendicular orientations. Both have a proportional limit of ≈140,000 N
at around 5 mm displacement. However, there is structural failure after the proportional
limit in the perpendicular orientation. The rapid decrease in force marks it. All three
specimen replicates in both orientations have similar mechanical responses, signifying
a repeatable manufacturing process.
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F IGURE 6.6: Quasi-static compression testing setup for plate lattices.

The stress-strain curve was calculated from the force-displacement plot as shown in
Figure 6.9. The spread and slope of data within the linear elastic region is uniform in
both orientations. It indicates reasonably isotropic behavior of the plate lattice until the
proportional limit. Stress multiplied by the relative density (0.491), we find the relative
stress. We can see from the curve that Young’s modulus for the perpendicular orientation is 310.42 MPa versus 235.11 MPa in the parallel orientation. For the perpendicular
and parallel orientations, the peak load was 13.63 MPa and 11.24 MPa, respectively.

Comparison with Existing Plate Lattices
Compared to plate lattices in other publications in Table 6.1, we see the elastic modulus
is similar to the SC-BCC and FCC-BCC topologies. Unsurprisingly, stainless steel lattices have a much higher modulus than all polymers. In the case of polymers, our lattice
performs at par with other publications. Thus, the FFF process and CFRP material hold
significant potential to fabricate high strength and stiffness plate lattices.
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F IGURE 6.7: Force-displacement plot of plate lattice in parallel orientation.

F IGURE 6.8: Force-displacement plot of plate lattice in perpendicular orientation.

104

Chapter 6. Additive Manufacturing of Closed Cell Lattice Structures

105

F IGURE 6.9: Stress-strain curve of plate lattice in parallel and perpendicular orientation.

TABLE 6.1: Comparison of Young’s modulus of plate lattices in present
work with other publications.

Reference
work
Xue et al. [165]
Duan et al.
[146]
Crook et al.
[164]
Dejean et al.
[108]
Present work

Material

Topology

Nylon
Stainless steel
316L

FCC-BCC
Novel
isotropic plate
lattice
Cubic+octet

Carbon
Glassy
polymer
CFRP Nylon

Relative
density
0.535
0.5

E(MPa)

0.375

14

SC-BCC

0.3

310

SC-BCC

0.491

310.42

293.3
20,000
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F IGURE 6.10: Failure mechanism parallel to build direction.

Results
Visually inspecting the specimens in the parallel orientation, we see in Figure 6.10 that
the printed layers press against each other. Failure occurs mainly by plate buckling,
which takes place in the uppermost plates and then propagates downward from the
top layer towards the bottom. We see partition lines at the meeting zone of vertical
plates between two adjacent unit cells. The unit cells split apart at these partition lines,
signifying high-stress concentrations in these regions. The lattice layers recovered some
of their shape after we removed the load.
Figure 6.11 shows that failure zones are along the layer lines for specimens with a
compression axis perpendicular to the build orientation. The specimen has split apart
from the middle as well as the edges. There is no buckling of the plates compared to
those in the parallel orientation. Unit cells at the edges split apart first during loading. The material around the center "barrels” outwards. This outward barreling applies
tensile forces parallel to the build direction of the layers, resulting in their splitting.

6.4.2

Impact Response

We built an impact testing rig capable of following the ASTM D3763 and D7136 high
strain rate test standards. It drops a known mass in free fall from a known height,
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F IGURE 6.11: Failure mechanism perpendicular to build direction.

as seen in Figure 6.12. The load drops from the desired height using the motorized
hoist and a pneumatic weight release hook. The stainless steel spherical impactor has
a 30 mm diameter and 40 mm height. Fixtures on the bed facilitate placement of the
specimen at the exact spot for each run. The guiderails were generously lubricated
to reduce unwanted friction and enable free fall of the impactor. A photo-interrupter
(Karlson Robotics GP1A57HRJ00f) is triggered using a flag of known width, as shown
in Figure 6.12. The flag interrupts light in the photo-interrupter, and we use the time
delay between signal interruptions to calculate the velocity.
The velocity flag passes through the photo-interrupter sensor during the freefall of
the weight. A Picoscope® 2000 series oscilloscope collects data at a sampling rate of
10 kS/reading from the interrupter. The leading edges of the velocity flag are 19 mm
apart, as shown in Figure 6.12. From the photo-interrupter data shown in Figure 6.13,
the ∆T between the leading edges of the flag is 5 ms. We found the impactor velocity by
dividing the distance between the leading edges with ∆T.

Vi =

19mm
= 3.8m/s
5ms

(6.1)

A edgertronic™ SC2X high speed camera was used to capture video of the high
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F IGURE 6.12: Impact testing set up. Each frame is numbered at the top. 1
frames equals 0.4 ms.

F IGURE 6.13: Impact velocity plot.
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F IGURE 6.14: Impactor with a mass of 84 kg in free fall 10 frames before
impact. Each frame is numbered at the top. 1 frame equals 0.4 ms time
step.

strain rate impact. Each video contains an artefact of know dimensions, like a 15 mm
tall unit cell. From the video, the height of a unit cell was 112 pixels, which means 1 mm
=

15mm
112pixels

on a frame. Five frames of the video right before impact are shown in Figure

6.14. Each frame equals 0.4 ms times-step. The position of the impactor’s leading edge
for five frames is plotted in Figure 6.15. Peak velocity is 4.01 m/s and velocity right
before impact is 3.75 m/s which is in close agreement with velocity from the photointerrupter.
We also used an accelerometer to measure the impactor acceleration history. A PCB
3501B1260KG piezoresistive accelerometer was embedded inside the steel plates, just
above the impactor, using a threaded hole. The accelerometer’s sensitivity is (±50%)0.003
mV/g ( 0.0003 mV/(m/s2 )), with a measurement range of ±60000 g ( ±588400 m/s2 pk),
and a frequency range of 1dB to 20000 Hz.
The 84 kg mass with the impactor was dropped from a height of 1 m, and the same
energy level was maintained for all specimens. Three frames of the impactor penetrating one of the specimens is seen in Figure 6.16. The specimen stays steady until the final
frame which is the highest point of impactor displacement. After this final frame, the
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F IGURE 6.15: Plot of the velocity and time of the impactor from five
frames.

impactor and specimen rebound, and data is not captured after this point.
When the impactor is dropped in the perpendicular orientation, the specimen splits
apart at the point of impact and flies away in two opposite directions. This prevents
accurate data capture and potential damage to the impactor, accelerometer and the test
rig itself. Therefore we limited impact response to specimens in the parallel orientation
only. Densification of the material is seen around the impact location, as presented
in Figure 6.17. A similar hole is seen for all specimens. There is a smooth transition
between the impact hole edges and the adjoining area. No fracture or damage is seen
outside of the impact hole.

Results
From the specimen’s CT scans seen in Figure 6.18, the measured impact depth is 21.8
mm. The CT scan verifies that no damage is seen outside the impact zone. Fracture of
the walls is seen in the close-up view of the impact hole.
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F IGURE 6.16: Impactor penetrating the specimen in slow motion. Rulers
are for measuring the pixel values.

F IGURE 6.17: Impactor hole in one plate lattice specimen.
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F IGURE 6.18: CT scan shows the front, 3D and close up views of the
impact zone in the plate lattice.

Figure 6.19 shows the velocity-depth plot of the impactor for three specimens. This
plot was generated from the accelerometer data. From all the three specimens, a penetration depth of 21-25 mm is observed, which is in good alignment with the CT scan
results. Figure 6.20 shows the force-depth plot for all specimens. When the area under
the force-depth curve is calculated, measured energy absorbed is found.
The specific energy absorbed by a composite material is given by SEA = W (t)/Vρ,
where V is the crushed volume, and ρ is the parent material density [171]. The volume of indentation can be calculated for each specimen as the shape of the impactor is
known. The total crushed volume will be multiplied with the relative density to find
the relative crushed volume. Table 6.2 shows a comparison of the SEA for each of the
three specimens, and the values are quite close to each other.

Comparison of Impact Response with Existing Plate Lattices
Table 6.3 compares the present work with other published work on plate lattices. Most
of the comparison lattices are made of stainless steel. Only the work of Andrew et al.
has used a thermoplastic filament. Though the plate lattices in the present work have a
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( A ) Specimen 1

( B ) Specimen 2

( C ) Specimen 3

F IGURE 6.19: Velocity-Depth plots of impactor for three specimens.
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( A ) Specimen 1

( B ) Specimen 2

( C ) Specimen 3

F IGURE 6.20: Force-Depth plots of impactor for three specimens.
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TABLE 6.2: Energy absorbed by three plate lattice specimens.

Response
Penetration Depth (mm)
Volume of Indentation (cm3 )
Relative Volume (cm3 )
Mass of Indented Volume (g)
Measured Energy Absorbed (J)
Specific Energy Absorbed (J/g)
Mean SEA (J/g)
SEA Standard Deviation

Sample 2
21.91
11.95
5.87
7.04
576.51
81.86
81.06
1.11

Sample 3
24.67
13.90
6.83
8.19
667.96
81.54

Sample 5
24.67
13.90
6.83
8.19
653.67
79.79

TABLE 6.3: Comparison of Specific Energy Absorption (SEA) of plate lattices in present work with other publications.

Reference
work
Dejean et al.
[172]
Xue et al. [165]
Duan et al.
[146]
Andrew et al.
[163]
Present work

Material

Topology

SEA (J/g)

SC-BCC

Relative
density
0.23

316L stainless
steel
316L stainless
steel
316L stainless
steel
Engineered
thermoplastic
filaments
CFRP Nylon

FCC-BCC

0.5

20

Experimental
lattice
SC-BCC-FCC

0.5

26

0.36

19.9

SC-BCC

0.49

81.06

16.5

much higher SEA, it also has a higher relative density. Therefore, we have proven that
the current work has potential for use in energy absorption applications.

6.5

Future Work

Poor inter-layer and intralayer bonding is a well-known factor in FFF. This is clearly
seen during the quasi-static compression response of the plate lattice specimens. The
mechanical performance of plate lattice structures can be improved by enhancing interlayer bonding through optimization of the following parameters:
• Raster/extruder path orientation [173], [174]
• Extruder and build chamber temperatures [175]–[177]
• Layer thickness [178]–[180]
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• Printing velocity [181], [182]
Among these parameters, the best performance results may come from using a heated
build chamber [183]. In FFF, temperature decreases after printing the first layer of material due to thermal conduction with the print bed. Heat loss via convection and radiation into the environment also play a role—poor polymer bond results from relatively
cool previously deposited material.
In conventional FFF machines, a heated print bed and heated enclosures are ideal to
minimize unwanted side effects such as warping and shrinkage [184]. Enclosure heating is limited by the heat deflection temperatures of the printed materials, which are far
below the requirements for sufficient inter-layer bonding. Heating must also be localized to prevent the failure risk of critical components of the 3D printer. Reptation theory
says that the degree of polymer diffusion is a function of temperature, time, and pressure [175], [185]. To improve polymer diffusion (and hence mechanical performance)
between/within layers, one has to do one or more of the following [186]:
• Raise the temperature at the polymer-polymer interface.
• Hold the polymer-polymer interface at an elevated temperature for a longer time.
• Apply pressure.
Therefore, researchers have devised alternative methods for introducing heat into
the material in targeted ways. Partain et al. described pre-deposition heating of extrudate material using hot air from a welding machine [187]. However, they did not
improve the mechanical performance of the printed parts because interlayer bonding is
governed primarily by temperature history and not only by an increased temperature
[188].
By contrast, Prajapati et al. demonstrated a localized in-situ technique for controlling
the temperature of the extrudate material using a hot air supply [189]. With the system
shown in Figure 6.21, they could control the temperature and flow rate of the hot air,
which slowed down extrudate cooling. Their results showed a decrease in void size by
11.9% at a temperature of 200°C, for ABS material.
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F IGURE 6.21: Setup for localized hot air heating of extrudate material.
Reproduced with permission [189].

Other methods for localized heating include a laser system by Sabyrov et al. [190],
where they observed an increase in ultimate tensile strength of 10.16% for PLA specimens at 2.84 W laser power. However, the adverse effects of laser heating are crack and
hole formations. Microwave heating by Sweeney et al. [191] showed that microwave
field with carbon nanotubes heated the layer interfaces locally, allowing for increased
polymer diffusion and fracture strength.
At Oak Ridge National Labs, researchers used infrared heating to increase the surface temperature of the printed layers before deposition of new material [192]. They
found significant improvements in bond strength for ABS material with 20% chopped
carbon fiber. Ravoori et al. presented a heated element attached along the extrusion nozzle [193] to preheat and post-heat the printed material. Zawaski et al. [194] proposed
a low-cost, high-temperature inverted 3D printing system that uses the low density of
hot air to maintain a heated environment around the nozzle.
Ravoori et al. [195] also used compression rolling to improve mechanical performance in FFF parts by reducing voids from 10.8% to less than 1%. However, compression rolling was beyond this project’s scope.

6.5.1

Prototype for Localized Heating

Based on the literature review, the future direction of this research must look at in situ
localized heating of printed material, hypothesized to improve the mechanical performance of the plate lattice specimens. We heated the localized printing environment to
200 °C using a hot gas nozzle prototype.
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F IGURE 6.22: Localized heating system prototypes retrofitted on a Gmax® G-Create gMax™ 2 printer.

A prototype of the hot gas nozzle, shown in Figure 6.22, was 3D printed out of stainless steel using a Markforged® Metal X™ 3D printer. This nozzle surrounds an elongated 0.8mm brass nozzle from nonplanar.xyz [196]. PLA tensile coupons are printed
with and without hot gas at 200°C, following the ASTM D638 standard. A G-max®
G-Create gMax™2 [197] printer was used for this purpose. It is an open architecture
system; retrofitting it with external components is simple.
The tensile test coupons took about 20 minutes to print. The technology readiness
level of the localized heating system must increase before printing plate lattices. Plate
lattice structures can take days to print; hence improvements will be needed before
we can use this approach with larger-scale parts. We performed tensile testing on an
Instron® universal testing machine with a 5 kN load cell. The tensile test specimens
printed with hot gas have some melt distortion along the edges, as shown in Figure
6.23.
We studied the response of three tensile test specimens for both heated and unheated
conditions. It takes 3 seconds for the machine to start engaging the specimen, which
is why time on the x-axis doesn’t start from zero. Based on the response shown in
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F IGURE 6.23: (Left) Tensile testing setup (Right) Un-heated and heated
tensile test specimens.

Figure 6.24, there is a 20-30% increase in the tensile strength of the PLA specimens. This
preliminary feasibility test suggests that an optimized hot gas nozzle prototype capable
of operating for extended periods will enable the printing of CFRP plate lattices with
significantly improved mechanical performance.

6.6

Summary

• Recently, several numerical simulations have shown that closed-cell plate lattice
structures can achieve the theoretical stiffness limit not possible by foam or trusslattices of comparable relative density.
• For a long time, complications in the production of these structures prevented
their detailed study and analysis.
• Even with Additive Manufacturing technologies, such as powder-bed fusion and
vat polymerization, production is challenging because excess material gets trapped
inside the closed cells.
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F IGURE 6.24: Tensile test response of heated and unheated PLA ASTM
D638 specimens

• This work presents an experimental study of carbon-fiber composite plate lattice
structures fabricated using Fused Filament Fabrication (FFF). FFF doesn’t trap material inside closed unit cells. However, minor distortions in downward-facing
surfaces are present for the SC-BCC unit cell used in this study.
• The mechanical response of the structures in quasi-static compression loads applied parallel and perpendicular to the build direction show similar yield points.
However, the slopes were different for the force-displacement curve, indicating
anisotropic properties.
• Buckling of vertical plates and interlayer delamination around the center is present
in the parallel orientation. In perpendicular orientation, the structure "barreled"
outwards, resulting in a tensile force that caused delamination of the layers in the
center and around the edges of the structure.
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• The plate lattice structures exhibit a degree of visco-plastic behavior in both quasistatic compressions and under high strain rate impact loading for the parallel orientation. It makes them promising candidates for impact energy absorption and
lightweight load-bearing applications. However, the plate lattice structures exhibited pronounced layer delamination when loaded perpendicular to the build
direction, a known and common problem with FFF parts.
• When the impactor hits the specimen perpendicular to the build direction in high
strain rate drop testing, the specimen splits and flies apart in two directions. We
understood this happens because of the anisotropy and low shear strength in that
orientation. Therefore, no data collection was possible in the perpendicular orientation. We only collected impact test data with samples where the impact axis was
parallel to the build direction.
• The plates at the point of impact got crushed entirely. The impactor pushed some
material into the underlying layer, and some swept into the adjoining unit cells.
It crushed only the unit cells immediately below the impact zone. All other surrounding cells were intact.
• There is good agreement of the impactor penetration depth between the CT scan
images, high-speed video, and accelerometer data.
• Based on the literature review, a future research recommendation is to explore
localized heating to improve polymer diffusion by controlling the thermal history
of the printed material. Proof-of-concept feasibility tests showed an improvement
of 20-30% in the ultimate tensile strength of ASTM D638 specimens made from
PLA material.
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Chapter 7

The Conclusion
A summary is included at the end of each chapter to benefit the reader. These summaries will help the reader capture the important take-away points in each chapter;
hence summary points are not duplicated in this conclusion. Instead, here are three
common questions asked to every Ph.D. candidate.
What are the author’s unique contributions?
An extensive literature review in each chapter shows recent accomplishments and future trends for additive manufacturing of lattice structures. There are four unique contributions by the author:
1. An axial lattice extrusion (ALE) algorithm for high-speed printing of high-strength
structural infill volumes is developed and experimentally demonstrated.
2. A detailed model of orthotropic carbon fiber truss-based lattice structures has been
presented and experimentally validated up to the initial failure point.
3. The first known study of composite plate lattice structures was presented. Both
quasi-static and high-speed impact properties are studied.
4. A novel through-nozzle localized heating method to improve interlayer bonding
has been proposed, and a proof-of-concept feasibility study indicated significant
improvement in tensile strength of printed samples.
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Why is this work important?
Additive manufacturing is an emerging technology capable of changing humanity’s future. This dissertation presents the works of many researchers and experts from various
fields. It will serve as a guide for future advanced research on additive manufacturing.
How is the work being taken forward?
The author and three other founders are commercializing some of the research presented here. They registered a legal entity, PRISAM, on Feb 21, 2020, as a Limited
Liability Company in the state of New York, U.S.A. A market need for manufacturing
processes presented in this work includes but is not limited to aerospace, construction,
and marine applications. PRISAM has raised over USD 350,000 in grants and investments for the commercialization of the technology as of April 2022.

Finally, this Ph.D. dissertation contains education and knowledge from 7 years of additive manufacturing research and development. The author firmly believes that the
research approaches presented here are unique and duplicable.
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